Functional MRI investigations of overlapping spatial memories and flexible decision-making in humans by Brown, Thackery I.
Boston University
OpenBU http://open.bu.edu
Theses & Dissertations Boston University Theses & Dissertations
2013
Functional MRI investigations of
overlapping spatial memories and




GRADUATE SCHOOL OF ARTS AND SCIENCES 
Dissertation 
FUNCTIONAL MRI INVESTIGATIONS OF 
OVERLAPPING SPATIAL MEMORIES 
AND FLEXIBLE DECISION-MAKING IN HUMANS 
by 
THACKERY I. BROWN 
B.A., Boston University, 2007 
SLJbmitted in partial fulfillment of the 
requirements for the degree of 






Chantal Stern, D. Phil. 
Professor of Psychology 
Michael Hasselmo, D.Phil. 
Professor of Psychology 
Howard Eichenbaum, Ph.D. 
Professor of Psychology 
ACKNOWLEDGMENTS 
I would like to thank my advisor Dr. Chantal Stern for her support and guidance 
over the years and the course of the research contributing to this thesis. I would 
also like to thank Dr. Michael Hasselmo, Dr. Howard Eichenbaum, Dr. Helen 
Barbas, and Dr. David Somers for their guidance in this thesis and for serving on 
the dissertation committee. Additionally, I would like to thank the following 
colleagues for their friendship, support, and collaboration: Randall Newmark, 
Katherine Sherrill, Dr. Robert Ross, Dr. U. Murat Erdem, Kishan Gupta, Dr. Anja 
Farovik, and Dr. Karin Schon. I would also like to thank my family for the love and 
support which has helped me reach this point. 
Finally, I would like to thank my wife, Andrea Porto, for all of her love and 
encouragement throughout the years. 
iii 
FUNCTIONAL MRI INVESTIGATIONS OF 
OVERLAPPING SPATIAL MEMORIES 
AND FLEXIBLE DECISION-MAKING IN HUMANS 
(Order No. ) 
THACKERY I. BROWN 
Boston University Graduate School of Arts and Sciences, 2013 
Major Professor: Chantal Stern, Professor of Psychology 
ABSTRACT 
Research in rodents and computational modeling work suggest a critical role for 
the hippocampus in representing overlapping memories. This thesis tested 
predictions that the hippocampus is important in humans for remembering 
overlapping spatial events, and that flexible navigation of spatial routes is 
supported by key prefrontal and striatal structures operating in conjunction with 
the hippocampus. The three experiments described in this dissertation used 
functional magnetic resonance imaging (fMRI) in healthy young people to 
examine brain activity during context-dependent navigation of virtual maze 
environments. 
Experiment 1 tested whether humans recruit the hippocampus and 
orbitofrontal cortex to successfully retrieve well-learned overlapping spatial 
routes. Participants navigated familiar virtual maze environments during fMRI 
scanning. Brain activity for flexible retrieval of overlapping spatial memories was 
contrasted with activity for retrieval of distinct non-overlapping memories. Results 
demonstrate the hippocampus is more strongly recruited for planning and 
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retrieval of overlapping routes than non-overlapping routes, and the orbitofrontal 
cortex is recruited specifically for context-dependent navigational decisions. 
Experiment 2 examined whether the hippocampus, orbitofrontal cortex, 
and striatum interact cooperatively to support flexible navigation of overlapping 
routes. Using a functional connectivity analysis of fMRI data, we compared 
interactions between these structures during virtual navigation of overlapping and 
non-overlapping mazes. Results demonstrate the hippocampus interacts with the 
caudate more strongly for navigating overlapping than non-overlapping routes. 
Both structures cooperate with the orbitofrontal cortex specifically during context-
dependent decision points, suggesting the orbitofrontal cortex mediates 
translation of contextual information into the flexible selection of behavior. 
Experiment 3 examined whether the hippocampus and caudate contribute 
to forming context-dependent memories. fMRI activity for learning new virtual 
mazes which overlap with familiar routes was compared with activity for learning 
completely distinct routes. Results demonstrate both the hippocampus and 
caudate are preferentially recruited for learning mazes which overlap with 
existing route memories. Furthermore, both areas update their responses to 
familiar route memories which become context-dependent, suggesting 
complementary roles in both learning and updating overlapping representations. 
Together, these studies demonstrate that navigational decisions based on 
overlapping representations rely on a network incorporating hippocampal 
function with the evaluation and selection of behavior in the prefrontal cortex and 
striatum. 
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CHAPTER 1: Introduction 
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Memory for experiences from our daily lives is critical to human cognition. Not 
only do our memories provide a sense of who we are, but they allow us to use 
past experiences to guide behaviors and decisions. Because of this, how the 
brain is able to store and retrieve experiences has been a major focus of 
psychology and neuroscience research. Memories for specific events and the 
time and place in which they occurred are referred to as "episodic memories", 
and these episodic memories are thought to rely on brain structures within the 
medial temporal lobes, particularly the hippocampus (Eichenbaum, 2000). 
The notion that the hippocampus is critical for episodic memories 
developed from the landmark case of patient "H.M.". Following bilateral resection 
of the hippocampus and portions of neighboring medial temporal lobe structures 
to treat intractable epilepsy, it was discovered that H.M. could no longer form 
explicit memories for experiences from his daily life (Scoville & Milner, 1957). In 
contrast, other forms of memory were left partially intact: H.M. was still able to 
remember information from his distant past, was able to temporarily hold onto 
information in so-called "short-term memory," which allowed him to carry on 
conversations with others, and was able to develop novel motor skills (Corkin, 
2002; Milner et al., 1998; Sagar et al., 1985; Scoville & Milner, 1957). Since this 
discovery, the hippocampus has been a primary focus of episodic memory 
experiments, and a role for the hippocampus in the rapid formation and retrieval 
of associations between stimuli, events, and surrounding contextual information 
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has been established (Eichenbaum et al., 2007; Kirwan & Stark, 2004; 
Ranganath et al., 2003; Staresina & Davachi, 2009). 
The hippocampus is now thought to support episodic memories through its 
interactions with adjacent structures in the medial temporal lobes (the 
parahippocampal cortex, perirhinal cortex, and entorhinal cortex). These 
structures are a primary source of information input and output for the 
hippocampus and may support long-term representation of explicit memories 
(van Strien et al., 2009). An influential model by Eichenbaum et al. (2007) 
presents a framework in which information about items is sent from the perirhinal 
cortex through lateral entorhinal cortex to the hippocampus, and context 
information is transmitted from the parahippocampal cortex through medial 
entorhinal cortex to the hippocampus. In this framework, the hippocampus is 
critical for episodic memory because it is a unique site of convergence for 
information about stimuli and context, supporting the formation of associations 
between these elements. 
A central feature of most memories from our daily lives is the 
representation of temporal information - specifically, the order and timing in 
which experiences occur. The storage of the sequential order in which items or 
events occur provides important structure to mnemonic information. It allows us 
to retrace our steps to achieve a certain outcome, avoid repeating mistakes, and 
helping to distinguish similar experiences which occurred on different occasions. 
Modeling work (Hasselmo, 2009; Hasselmo & Eichenbaum, 2005; Howard et al., 
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2005) along with evidence from animals and humans supports a role for the 
hippocampus in the formation and retrieval of sequential information (Fortin et al., 
2002; Lehn et al., 2009; Ross et al., 2009; Schendan et al., 2003). Sequential 
information coding in the hippocampus may be facilitated by rhythmic oscillations 
in brain activity, which can provide structure to the timing of neuronal firing for 
consecutive stimuli and locations (Foster & Wilson, 2007; Johnson & Redish, 
2007; Lisman & Redish, 2009; O'Keefe & Reece, 1993; Skaggs et al., 1996). 
Adjacent medial temporal lobe cortices like the entorhinal cortex may support the 
sequencing of information in the hippocampus by contributing rhythmic oscillatory 
input to the hippocampus (Buszaki, 2002) and participating in a circuit which 
continuously updates consecutive location representations during encoding and 
retrieval (Hasselmo, 2009). 
The ability of the medial temporal lobes to represent sequential events is 
critically important for goal-directed behavior because temporal associations can 
provide predictions of future states (e.g. "this location or outcome will come 
next"). Individual neurons of the hippocampus have long been known to fire for 
specific locations in a given environment, such that the collection of these "place 
cells" represents a map of space (O'Keefe, 1976). In a striking demonstration of 
the ability of the hippocampus to "look ahead" to future states, ensembles of 
hippocampal place cells have been shown to fire sequentially along trajectories 
from an animal's physical location (Davidson et al., 2009; Diba & Buzsaki, 2007; 
Johnson & Redish, 2007). Johnson et al. (2007) suggest that the ability to 
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retrieve the expected subsequent states in a sequence may be a critical 
contribution of the hippocampus to goal-directed behavior and decision-making. 
In cases where a sequential representation is completely distinct, the 
retrieval of the next element of a sequence might be sufficient to guide an 
organism to a desired outcome. For example, if there is only one path a rodent is 
familiar traveling from its current position, the rodent may only need to follow the 
locations associated with this path to get a reward. However, many events in the 
real world share common information with one-another. For example, the 
navigational routes we follow in our daily lives often overlap or intersect with 
other routes which are familiar to us. Overlap between representations leads to 
interference between memory traces. For example, when familiar navigational 
routes cross paths with one another, there are alternative directions and 
behaviors to choose from. In this case, the navigator cannot simply remember 
which direction leads to an outcome that is desirable, but must remember which 
direction leads to a specific outcome that is desirable for the current 
circumstance. 
Computational models suggest the hippocampus is critical for 
remembering specific episodes despite overlapping associations with other 
events. The ability of the hippocampus to overcome such mnemonic interference 
is thought to lie in the association between an event and the distinct contextual 
features surrounding the episode. Unique contextual signals could cue 
hippocampal retrieval of specific episodes surrounding a stimulus, despite 
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interference from the presence of associations from other memories (Hasselmo, 
2009; Hasselmo & Eichenbaum, 2005; Zilli & Hasselmo, 2008a). The 
parahippocampal cortex is thought to represent contextual information which the 
hippocampus could use to discriminate episodes, particularly when the context is 
spatial in nature (Bar & Aminoff, 2003; Davachi, 2006; Eichenbaum et al. 2007). 
Research in rodents supports the prediction that the hippocampus distinguishes 
between overlapping events. Hippocampal neurons in rodents uniquely code 
overlapping sequences in different contexts - for example neurons have been 
observed to fire for specific locations in space, similar to hippocampal place cells, 
but only fire for those locations in a particular situation (Ferbinteanu & Shapiro, 
2003; Ginther et al., 2011; Lee eta!., 2006; Smith & Mizumori, 2006; Wood eta!., 
2000). The prediction that the hippocampus is critical for remembering 
overlapping memories has found further support in rodent lesion studies, where 
lesions to the hippocampus have been shown to impair the retrieval of context-
dependent associations, but not distinct one-to-one associations (Agster et al., 
2002). Direct evidence that the hippocampus is more important for context-
dependent retrieval of overlapping memories than retrieval of non-overlapping 
representations has not been provided in humans. 
While the hippocampus may provide a means for context-dependent 
retrieval of memories, flexible decision-making based on overlapping 
representations also requires the ability to select between alternative behaviors. 
The prefrontal cortex and striatum are both important for the evaluation and 
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selection of behavior, and the hippocampus may interact with these regions in 
support of the decision-making process (Johnson et al., 2007). In particular, the 
orbitofrontal cortex is important for determining changes in the relative value of 
alternative stimuli and actions (Rudebeck & Murray, 2008; Tsuchida et al., 201 0; 
Walton et al., 201 0), and supports flexible response selection and suppression in 
animals (Murray & Izquierdo, 2007) and humans (Arana et al., 2003;EIIiott et al., 
2000; O'Doherty et al., 2003). 
Recent data from rodents has demonstrated context-selective coding of 
navigational routes in orbitofrontal neurons, suggesting spatial trajectories are 
evaluated or represented by the orbitofrontal cortex based on current objective 
(Young & Shapiro, 2011). Critically, the hippocampus sends direct anatomical 
projections to the orbitofrontal cortex in primates (Barbas & Blatt 1995; Cavada et 
al., 2000), providing a means for contextual and mnemonic information to be 
incorporated into the evaluation of stimuli and behaviors. Surprisingly, while such 
data predict a broad role for the orbitofrontal cortex in adaptive goal-directed 
behavior, prior research on orbitofrontal contributions to decision-making in 
humans has primarily focused within the framework of learning from penalties 
and regulating impulsivity in gambling and addiction (Fellows, 2007; Lawrence et 
al., 2009; Volkow et al., 2009; Winstanley, 2007). Such experiments do not 
address the question of whether the orbitofrontal cortex contributes to decision-
making in humans in the absence of explicit rewards and after learning has been 
completed. 
8 
While the orbitofrontal cortex shares intimate connections with the medial 
temporal lobes, it is not directly connected to motor cortex in primates (Barbas & 
Zikopoulos, 2006). However, the orbitofrontal cortex sends direct projections to 
regions of the striatum including the caudate nucleus (Cavada et al., 2000; 
Roberts et al., 2007), which supports behavioral planning and flexibility in both 
humans (Graham et al., 2009; Jankowski et al., 2009; Monchi et al., 2001; 
Monchi et al., 2006) and animals (Ragozzino et al., 2002; Yin & Knowlton, 2006). 
While some striatal areas are thought to predominantly support inflexible habits, 
it has been suggested that the medial caudate may be a key component in the 
process of translating hippocampal representations into goal-directed action 
(DeCoteau et al., 2007; Devan & White, 1999; Johnson et al., 2007; Yin & 
Knowlton, 2006). Therefore, evaluation of stimuli and actions in the orbitofrontal 
cortex may ultimately support decision-making in a variety of circumstances by 
influencing behavioral selection in the striatum. 
Broadly speaking, the experimental work described in this dissertation 
addresses the questions of how humans resolve interference between memories 
from their daily lives, and use episodic information to guide flexible behavior. 
Examining these questions is of importance not only for our understanding how 
the healthy human brain functions, but also for gaining insight into the cognitive 
and behavioral deficits observed in various clinical populations, such as 
Alzheimer's and Parkinson's disease patients, whose pathology affects areas 
including the medial temporal lobes, orbitofrontal cortex, and striatum (Delong & 
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Wichmann, 2007; Gallagher & Koh, 2011; Schmahmann & Pandya, 2008; Van 
Hoesen et al., 2000). This thesis tests the prediction that the human 
hippocampus collaborates with parahippocampal cortex to support the context-
dependent retrieval of navigational memories. Furthermore, this thesis examines 
how the hippocampus interacts with the orbitofrontal cortex and the striatal 
memory system during navigation of overlapping routes, providing insight into the 
functional network which underlies flexible decision-making based on episodic 
memory. Finally, the ability to learn novel associations without overwriting 
alternative previously-learned representations may be key contributions made by 
the hippocampus and caudate to mnemonic and behavioral flexibility- a function 
which could in turn support their ability to retrieve either alternative association 
depending on what is most appropriate for a given situation. This dissertation 
provides a characterization of how the distinct hippocampal and striatal memory 
systems support learning of novel associations which share information with 
existing representations. 
The experiments described in Chapters 2-4 use current functional 
magnetic resonance imaging (fMRI) techniques to study brain activity in healthy 
young people during navigation of virtual environments presented on a projector 
screen. The virtual navigation tasks used in these experiments are closely based 
on the physical maze environments used in rodent studies of overlapping spatial 
route navigation (Johnson & Redish, 2007; Wood et al., 2000) and computational 
model simulations of medial temporal lobe function (Hasselrno, 2009; Hasselrno 
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& Eichenbaum, 2005; Zilli & Hasselmo, 2008a) which underlie the conceptual 
framework of this thesis. In this manner, the experiments in this dissertation not 
only provide a characterization of the brain regions involved in the learning and 
retrieval of overlapping spatial memories in humans, but also elucidate 
similarities between rodents and humans in the neural basis of context-
dependent behavior. 
Chapter 2 examines the prediction that the hippocampus and neighboring 
parahippocampal cortex are recruited to support successful context-dependent 
retrieval of well-learned overlapping spatial sequences in humans. Furthermore, 
the experiment detailed in Chapter 2 examines whether the orbitofrontal cortex is 
recruited in the absence of explicit reward to support behavioral flexibility during 
spatial navigation. To address these questions, the first experiment compares 
fMRI activity when people flexibly alternate between well-learned navigational 
routes which cross paths with one another (overlap) with the navigation of 
completely distinct non-overlapping routes. Results demonstrate significantly 
greater activation in both the hippocampus and parahippocampal cortex during 
successful retrieval of the overlapping mazes, supporting a central role for the 
human medial temporal lobes in context-dependent memory retrieval. Critically, 
the orbitofrontal cortex is recruited specifically when selecting contextually 
appropriate responses between overlapping spatial routes. 
Complex behaviors are understood to emerge from the dynamic 
involvement of networks of brain regions. Chapter 3 examines the functional 
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network supporting successful navigation of overlapping spatial sequences in 
humans. Anatomical connections provide a framework for the hippocampus to 
send contextual information to the orbitofrontal cortex, which in turn can guide 
behavioral output via the medial striatum (Barbas & Blatt, 1995; Cavada et al., 
2000; Roberts et al., 2007). The experiment detailed in Chapter 3 tests the 
prediction that the hippocampus, orbitofrontal cortex, and medial caudate 
nucleus of the striatum interact to support the flexible retrieval and navigation of 
overlapping spatial routes. To address these questions, the second experiment 
(Chapter 3) compares a measure of functional connectivity using fMRI activity 
recorded when participants navigate well-learned overlapping spatial routes with 
the navigation of non-overlapping routes. Results demonstrate that functional 
interactions between the hippocampus and medial caudate are greater during 
navigation of overlapping routes, and both structures interact with the 
orbitofrontal cortex specifically when evaluating the correct behavior for the 
current situation. The data presented in Chapter 3 challenge the notion that the 
hippocampus and caudate function antagonistically in all forms of spatial 
navigation, and support the idea that the orbitofrontal cortex serves as an 
intermediary between the medial temporal lobes and striatum during memory-
guided decision-making. 
The hippocampus and caudate support distinct forms of memory - while 
the hippocampus is associated with explicit, episodic memories, the striatum is 
considered fundamental to representing behavioral patterns and outcomes (Yin & 
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Knowlton, 2006). Chapter 4 examines whether the hippocampus and caudate 
nucleus are recruited for the learning of overlapping memories and alternative 
behaviors in humans, and how their respective patterns of activity for flexible 
navigational decisions change with experience. Participants were trained outside 
the scanner on day 1 to navigate multiple distinct virtual mazes. The following 
day, participants learned novel virtual mazes within the MRl scanner. Critically, 
some of the new mazes shared hallways with previously learned routes, requiring 
participants to actively distinguish between the novel and familiar representations 
from trial to trial. Results demonstrate that both the hippocampus and medial 
caudate are more strongly recruited for learning representations which overlap 
with familiar routes than learning completely distinct non-overlapping 
representations. Furthermore, both the hippocampus and caudate increase their 
activity for familiar navigational routes as they become overlapping with the novel 
routes, reflecting an increased reliance on these structures to choose between 
competing alternative actions. These findings support the prediction that the 
distinct hippocampal and striatal memory systems play complementary roles in 
learning navigational memories which must be distinguished from other 
representations at retrieval. Furthermore, these findings indicate that well-learned 
behaviors are susceptible to interference from novel representations, such that 
navigational decisions which minimally recruit the hippocampus and caudate can 
later become more reliant on these structures. 
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Speaking more generally, the findings reported in this dissertation 
demonstrate that flexible decision-making in humans involves contributions from 
multiple brain regions which, through their functional interactions, support the use 
of memory and contextual information to determine. the best course ofaction in a 
given situation. 
. .. '·:-··· 
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CHAPTER 2: Contextual Retrieval SUpportsNavigationc>fWeii-
Learned Overlapping Spatial Routes. 
15 
2.1 Introduction 
The routes people take from their home to work often overlap with other familiar 
paths, such as the route from home to the grocery store. Overlap between 
familiar routes can cause interference and lead to navigational errors. To avoid 
errors, the brain must separate, or "disambiguate," the two routes. Computational 
models suggest the hippocampus uses context to retrieve specific episodes, 
despite interference from other episodes (Hasselmo & Eichenbaum, 2005; Zilli & 
Hasselmo, 2008a). Research in animals demonstrates that hippocampal neurons 
uniquely code overlapping navigational trajectories using contextual information 
(Ferbinteanu & Shapiro, 2003; Lee et al., 2006; Smith & Mizumori, 2006; Wood 
et al., 2000), and hippocampal lesions impair retrieval of sequences that share 
common elements (Agster et al., 2002). Based on this animal and modeling 
literature, we predicted hippocampal functional magnetic resonance imaging 
(fMRI) signal increases in humans during retrieval of overlapping compared with 
non-overlapping navigational sequences. 
Like the hippocampus, the parahippocampal cortex plays an important 
role in navigation. The parahippocampal cortex is important for identification and 
retrieval of landmarks, their spatial relationships, and their navigational relevance 
(Burgess et al., 2001; Epstein & Kanwisher, 1998; Hartley et al., 2003; Janzen & 
van Turennout, 2004; O'Craven & Kanwisher, 2000; Rosenbaum et al., 2004). 
This work has been previously published as Brown, T. I., Ross, R. S., Keller, J. B., Hasselmo, M. 
E., & Stern, C. E. (201 0). Which way was I going? Contextual retrieval supports the 
disambiguation of well learned overlapping navigational routes. The Journal of Neuroscience, 30, 
7414-7422. Reprinted here with permission. 
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The parahippocampal cortex, which is connected to the hippocampus directly 
and via the entorhinal cortex (Kondo et al., 2005; Suzuki & Amaral, 1994; van 
Strien et al., 2009), processes spatial and nonspatial context (Bar & Aminoff, 
2003), and supports source memory (Davachi et al., 2003; Ranganath et al., 
2004; Ross & Slotnick, 2008). Modeling suggests that neocortical areas including 
the parahippocampal cortex may support stable representations like landmarks 
that appear consistently in multiple episodic memories (McClelland et al., 1995). 
Therefore, the parahippocampal cortex might play an important, but distinct, role 
in disambiguation, through the retrieval of stable landmarks and locations that 
can be used to distinguish between routes. 
The orbitofrontal cortex shares strong anatomical connections with the 
medial temporal lobes, including the hippocampus (Cavada et al., 2000). The 
orbitofrontal cortex supports flexible response selection and suppression in 
animals (Murray & Izquierdo, 2007) and humans (Arana et al., 2003; Elliott et al., 
2000; O'Doherty et al., 2003). Orbitofrontal cortex activity in humans has also 
been shown to respond to inter-item (Schon et al., 2008) and proactive 
interference (Caplan et al., 2007). These data suggest the orbitofrontal cortex 
might use episodic information to guide response selection between sequences 
that share common elements in humans, but such a role has yet to be 
established. 
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We tested participants on a number of highly familiar virtual mazes. To 
examine processes related to spatial disambiguation, fMRI signal for overlapping 
mazes was contrasted with that of closely matched non-overlapping mazes. We 
hypothesized that, in well learned overlapping mazes, the parahippocampal 
cortex and hippocampus would be recruited for retrieval of contextual cues and 
associations that distinguish between the routes, respectively. We predicted this 
retrieval would occur at the beginning of the mazes, where distinct starting 
locations cue the current episode, and during critical hallways where overlapping 
mazes diverge. We hypothesized that the orbitofrontal cortex would be recruited 
when overlapping mazes diverge for guiding contextually appropriate responses. 
The current study was designed to specifically examine these regions during 
different components of spatial disambiguation and elucidate the broader 
network supporting this behavior. 
2.2 Materials and Methods 
2.2.1 Participants 
Twenty-two participants (ages, 19-31; mean age± SD, 21.36 ± 3.43; nine males) 
with normal or corrected-to-normal vision were recruited from the Boston 
University community. Two participants were eliminated from analysis because of 
excess motion during scanning, four because of poor behavioral performance, 
and two because of signal dropout in the orbitofrontal cortex. Informed consent 
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was obtained from each participant in a manner approved by the Partners 
Human Research Committee and the Boston University Institutional Review 
Board. 
2.2.2 Virtual environments 
Twelve virtual mazes (Fig. 2.1) were constructed using POV-Ray, version 3.6 
(http://www.povray.org/), a three-dimensional ray tracer modeling program. 
Participants navigated the mazes from a ground-level first-person perspective 
and behavioral data were recorded using E-Prime 2.0 (Psychology Software 
Tools). The virtual mazes were presented as a series of images rendered in POV-
Ray. Every maze was comprised of five hallways, each containing unique objects 
that served as distinguishing features between the locations and were clearly 
identifiable and distinguishable from one another. 
Participants began each maze at a start point, termed the "cue" and 
traveled down each hall to an intersection (see Figs. 2.1, 2.5). There were four 
intersections per maze. At every intersection, participants could choose to turn 
left, right, or continue straight ahead using a button box. The correct choice was 
the next hall in the sequence of spatial locations comprising a maze. When 
participants made their navigational responses in a maze, they were auto piloted 
down that hall to the next intersection. The navigational responses at the end of 
the halls were counterbalanced across condition. 
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The 12 mazes were divided into two conditions. Six of the mazes 
comprised a "non-overlapping" condition, which did not share any hallways with 
each other and were therefore completely distinct (NOL 1-NOL6). The other six 
mazes comprised the "overlapping" condition. In the overlapping condition, the 
six mazes were split into three pairs that each began and ended at distinct, non-
overlapping locations, but converged in the middle to share some hallways with 
another maze. The first overlapping maze pair (OL 1) shared one hallway 
between the two mazes. The second overlapping pair (OL2) shared two 
contiguous hallways between the mazes. The third overlapping pair (OL3) shared 
three contiguous hallways between the mazes. Inclusion of differing degrees of 
overlap served two functions: First, it allowed us to test the possibility that 
responses in our regions of interest might be influenced not only by the 
contextually dependent retrieval and response demands of the task but also by 
variation in the extent of overlap, or interference, between representations. 
Second, examining overlapping segments that precede the hallways where the 
routes actually diverge allowed us to test the possibility that our regions of 
interest might respond more generally to the presence of overlap, regardless of 
whether a contextually dependent response is necessary. Navigational demands 
were matched between every condition, with the number of left, right, and 
straight choices counterbalanced across the mazes and conditions. By 
contrasting one navigational condition (the overlapping condition) with another 
closely matched navigational condition (the non-overlapping condition), the 
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present study was designed to remove effects attributable to spatial navigation 
alone, allowing us to examine the effects of contextual retrieval. 
2.2.3 Feedback 
After an incorrect choice at the end of a given hall, participants were rotated in 
the selected direction, text reading "Wrong way" in red letters was overlaid on the 
scene, and a green arrow indicated the correct direction. Participants were then 
rotated in the correct direction and sent down the correct hall. To further control 
the timing of the task, participants were allowed a maximum of 5 s to respond at 
the end of each hallway. In the case of a "no response," participants were given a 
visual prompt and were provided with the same feedback arrows and correctional 
movement as with an incorrect response. "No responses" were treated as 
incorrect for both the training and testing periods of the task. Error feedback was 
provided during all components of the study. 
2.2.4 Pre-scan training 
Participants were trained to a criterion of 100% correct on every maze the day 
before scanning. At the start of training, participants were guided through a 
sample pair of overlapping mazes (different from those used in the actual task) 
by the experimenters to ensure participants understood the mechanics of the 
navigational task and to explain how feedback for incorrect navigational choices 
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worked. Participants were made aware that some mazes would share hallways 
with other mazes, but that they would all begin and end at distinct locations. 
Participants were instructed to attend to the starting hallway as it was the cue for 
which maze they were following, and to attend to the landmark objects to aid in 
knowing where they were in the mazes. 
When learning the mazes, participants would repeatedly navigate one 
maze until they met a training criterion of four perfect consecutive trials. When 
criterion was met for one maze, participants would learn the next maze. The 
order in which mazes were learned was randomized for each participant. After 
individual training on all the mazes, participants performed four training runs in 
which all 12 mazes were presented in an interleaved, randomized order, just as 
they would be presented the following day during scanning. The final three 
training runs were required to be error-free to ensure participants had mastered 
the task contingencies along with the individual mazes. 
2.2.5 Experimental task 
Before scanning, participants were given a warm-up run through all 12 mazes in 
an interleaved, randomized order. Within the scanner, participants performed 12 
runs of the experiment. Each run contained all 12 mazes presented in a 
counterbalanced order across runs. The order of the runs was randomized 
across subjects. Each maze began with a 2 s cue period, in which participants 
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viewed the first perspective of the starting point in the maze without moving. 
Overlaid on the cue image were the instructions "Navigate to the end of the 
maze." After the cue, participants were automatically piloted down the first 
hallway to the first intersection. At the intersection, participants responded with a 
button press of 1 to turn left, 2 to continue straight ahead, and 3 to turn right. 
After a correct navigational choice, participants were automatically piloted down 
the next hallway to the next intersection. Incorrect navigational choices were met 
with the feedback described above. Turns were made in two simulated steps, 
with each step incorporating 45' of rotation, such that the participant would come 
out of the turn centered and facing directly down the next hallway. 
In the non-overlapping condition, the landmark objects within each hallway 
were always associated with the same navigational choices. In the overlapping 
condition, both the non-overlapping and overlapping hallways were also always 
associated with the same navigational choices except for the "critical halls" (see 
Figs. 2.1, 2.5). The critical halls were the last hall within an overlapping segment 
before the two mazes diverged. These hallways were termed critical halls 
because the navigational choice at the end of the hallways differed depending on 
which route was being followed. Because every maze began at a distinct 
location, correctly navigating beyond a critical hall required knowledge of the 
starting point and the hallways traveled before having entered the overlapping 
component. Importantly, the construction of the critical halls was no different from 
any other hallway, ending at an intersection with three possible navigational 
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choices leading to hallways containing uniquely identifiable objects. Only 
knowledge of the routes distinguished the critical halls as important. Accuracy 
and reaction times were recorded for each navigational choice made. 
Each hallway was comprised of nine POV-Ray-generated images, 
presented to participants as virtual steps in E-Prime. Each image was presented 
for 0.25 s, so that each hallway took 2.25 s to traverse. The exact timing of 
behavioral responses as well as the image presentation was logged in E-Prime 
to allow accurate modeling of the task. The total duration of a maze varied with 
the response times at each intersection. Each maze was followed by an 8 s 
intertrial interval (ITI) in which participants viewed a fixation point in the center of 
a black screen. 
2.2.6 Post-scan interview 
After scanning, participants were interviewed about their experience with the 
mazes, including their use of the landmark objects, how they identified the 
mazes, and their strategy for accurately navigating the periods of overlap. 
2.2.7 Image acquisition 
Images were acquired using a 3 T Siemens MAGNETOM TrioTim scanner 
(Siemens) with a 12-channel Tim Matrix head coil. Two high-resolution Tr 
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weighted MP-RAGE (multiplanar rapidly acquired gradient echo) structural scans 
were acquired using GRAPPA (generalized autocalibrating partially parallel 
acquisitions) [repetition time (TR), 2530 ms; echo time (TE), 3.44 ms; flip angle, 
78°; slices, 176; field of view, 256; resolution, 1 x 1 x 1 mm]. Functional T2*-
weighted blood oxygen level-dependent (BOLD) images were acquired using an 
echo planar imaging sequence (TR, 2 s; TE, 30 ms; fiip angle, goo; acquisition 
matrix, 64 x 64; field of view, 256; slices, 32; resolution, 4.0 mm isotropic). Slices 
were aligned along the anterior/posterior commissure line. 
2.2.8 fMRI preprocessing 
Imaging analysis was conducted using SPM5 (Wellcome Department of 
Cognitive Neurology, London, UK). All BOLD images were reoriented so the 
origin [i.e., coordinate xyz = (0 0 0)] was at the anterior commissure. Images 
were then slice-time corrected to the first slice acquired in time. Motion correction 
was conducted and included realigning and unwarping the BOLD images 
(Andersson et al., 2001). The high-resolution structural images were then 
coregistered with the mean BOLD image from motion correction and segmented 
into white and gray matter images. The bias-corrected structural images and the 
coregistered BOLD images were spatially normalized into standard Montreal 
Neurological Institute (MNI) space using the parameters derived during 
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segmentation with resampling of the BOLD images to 2 mm3 isotropic voxels 
and then smoothed using a 6 mm full-width at half-maximum Gaussian kernel. 
2.2.9 Data analysis 
2.2.9.1 Behavioral analysis 
Overlapping versus non-overlapping analysis 
Separate paired-sample t tests were used to assess differences in the fMRI task 
between the overlapping and non-overlapping conditions for percentage 
accuracy and reaction time for the first halls and critical halls. Because the study 
was designed to assess activation for well learned environments, a stringent 
criterion was applied such that participants were excluded from the study if they 
made more than three errors at any intersection in either condition (yielding 
<75% accuracy for that navigational choice). 
Training participants to stable 100% performance on all mazes before 
scanning helped ensure that differential learning effects between the overlapping 
and non-overlapping conditions would not confound the interpretation of the fMRI 
data. To demonstrate that behavioral performance in the scanner did not change 
across time differently for the two conditions as a result of continued practice, 
accuracies and reaction times were examined across runs for both the first hall 
and critical hall periods. Accuracies for the first halls and critical halls in both 
conditions remained markedly stable across runs at near 100%. Since reaction 
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times can demonstrate practice effects even when accuracy is invariant, the 
individual reaction times of participants across trials were entered into a 
repeated-measures general linear model (GLM) analysis testing for influences of 
condition and run number on performance. 
Behavioral effects of differing degrees of overlap 
Individual critical hall accuracies and reaction times were separated into three 
factors representing the varying levels of overlap in a maze (one, two, or three 
overlapping hallways) and entered into a repeated-measures GLM analysis 
constructed to test for significant effects of the differing degrees of overlap on 
behavioral performance. 
2.2.9.2 fMRI analysis 
Overlapping versus non-overlapping analysis 
Twenty-three separate regressors were created for each participant to model the 
fMRI data. Maze components were modeled based on their conceptually different 
cognitive experience. Separate regressors were created for the following eight 
elements in both conditions (for a total of 16): cue periods, first halls, main halls, 
single noncritical overlapping halls, double noncritical overlapping halls, critical 
overlapping halls, fifth halls, and ITI periods (see Fig. 2.5). To ensure the 
regressors captured the navigational decision process, each hallway regressor 
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contained both the hallway period and the time at the subsequent intersection 
preceding the response. 
Non-overlapping "counterpart" hallways were assigned to the critical and 
noncritical overlapping hall regressors because there were no actual overlapping 
halls in the non-overlapping condition. Non-overlapping critical and noncritical 
hallways were assigned such that each occupied the same position in the maze 
as its overlapping counterpart. The "main halls" regressors represented the non-
overlapping hallways in each condition other than the first, fifth, and overlapping-
counterpart halls. A 17th nuisance regressor was created to account for variance 
attributable to events and elements of noninterest (specifically, incorrect trials and 
feedback periods). Finally, the six motion parameters calculated during motion 
correction were added to the model as additional covariates of no interest. 
Regressors from the task were constructed as a series of square waves or 
"boxcars." Boxcar onsets were defined by the onset of each event, with the 
length of each hallway boxcar being determined by the time to traverse each 
hallway (2.25 s) and the reaction time of participants for that particular trial. 
These parameters were convolved with the canonical hemodynamic response 
function in SPM5. The design matrix was then analyzed using the general linear 
model approach in SPM5. 
The t contrasts between the overlapping and non-overlapping conditions 
for the seven modeled trial components (cue, first halls, main halls, critical halls, 
single overlapping halls, double overlapping halls, fifth halls) were constructed for 
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each participant. Group-averaged statistical parametric maps (SPMs) were 
created by entering the overlapping greater than non-overlapping condition 
contrast images from each participant into a one-sample t test using participant 
as a random factor. The group SPMs were corrected for multiple comparisons 
across the whole brain using a false discovery rate (FOR) correction to a 
threshold of p< 0.05 with a voxel extent of 30. 
Parametric modulation by degree of overlap 
A separate parametric modulation analysis was conducted to test whether the 
degree of overlap between mazes modulated the BOLD responses in the critical 
halls. For this analysis, the data were modeled in the same manner as above, 
except critical halls were modeled separately for the three degrees of overlap. 
The critical hall signal was entered into a parametric modulation analysis to test 
for a linear relationship with overlap. We also directly compared the different 
degrees of overlap with t contrasts for the three pairings of critical hall types, to 




2.3.1 Behavioral data 
2.3.1.1 Training data 
Based on behavioral piloting, mazes were initially learned one at a time. We 
established a criterion of four consecutive perfect trials on each maze. 
Participants reached criterion with the non-overlapping mazes in an average of 
5.31 trials with a SEM of 0.07. Similarly, participants took an average of 5.65 
trials to reach criterion in the overlapping condition mazes (SEM, 0.13). After 
individually learning all 12 mazes, participants were given four training runs of the 
task. In each training run, they navigated all 12 mazes in a randomized, 
interleaved order to further familiarize participants with the mazes as well as 
expose them to the structure of the task used during scanning the following day. 
2.3.1.2 fMRI behavioral data 
Before scanning, participants were given a warm-up run of all 12 mazes in a 
randomized order. During scanning, participants navigated the first halls with no 
significant difference (t(13) = 1.47; p = 0.165) in percentage accuracy between 
the overlapping condition (mean ± SEM, 99.40 ± 0.28) and the non-overlapping 
condition (mean ± SEM, 99.80 ± 0.14) (Fig. 2.2a). Reaction times (in 
milliseconds) did not differ significantly (t(13) = -1.89; p = 0.081) between the 
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overlapping condition (mean± SEM, 561.75 ± 34.05) and the non-overlapping 
condition (mean± SEM, 529.90 ± 25.10) (Fig. 2.2b). 
Participants navigated the critical halls with near 100% accuracy in both 
the overlapping condition (mean ± SEM, 96.51 ± 0.59) and the non-overlapping 
condition (mean ± SEM, 99.70 ± 0.16), although these differences did reach 
statistical significance (t(13) = 6.28; p< 0.001) (Fig. 2.2c). Re.action times did not 
differ significantly (t(13) = 0.26; p = 0.798) between the overlapping condition 
(mean± SEM, 523.98 ± 32.83) and the non-overlapping condition (mean± SEM, 
530.91 ± 27.54), and were comparable with those of the first hall period (Fig. 
2.2d). 
The results of the GLM analysis of reaction times across runs confirmed 
there was no significant difference between the reaction time slopes of the 
overlapping and non-overlapping conditions for either the first hall (F( 11 , 11 O) = 
1.37; p = 0.199) or critical hall period (F(11, 11 0) = 1.28; p = 0.245). These data 
strongly suggest that overall changes in fMRI activity between the overlapping 
and non-overlapping mazes are not an artifact of differential effects of practice in 
the two conditions over time. 
2.3.1.3 Behavioral effects of differing degrees of overlap 
No significant effect of degree· of overlap in the critical halls was observed for 
either accuracy (F(2,22) = 1.43; p = 0.868) or reaction time (F(2,22) = 0.993; p = 
31 
0.387). These results demonstrate that, in well learned routes, manipulating the 
degree of overlap before the critical halls did not significantly alter the difficulty of 
the critical hall choices. 
2.3.1.4 Post-scan interview 
All 14 participants reported using the landmark objects to identify the hallways 
and aid in navigation of the mazes. All 14 participants also indicated that they 
identified the overlapping mazes and retrieved the appropriate critical hall 
decisions to reach the end of the mazes using the starting points (i.e., first halls). 
Participants indicated two strategies for correctly navigating critical halls in the 
overlapping condition. Nine of 14 participants reported their predominant strategy 
was to prospectively "think forward" by maintaining the starting hallway in their 
memory until the critical hall. The remaining five participants reported their 
predominant strategy was retrospective, and reported "remembering back" to 
where they began the maze to correctly navigate out of the critical hall. 
2.3.2 fMRI data 
2.3.2.1 Overlapping versus non-overlapping analysis 
Critical to the experiment, the overlapping and non-overlapping conditions were 
closely matched in navigational demands, such that the only difference between 
the mazes was that some hallways were shared between paths in the 
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overlapping condition. By comparing activity between the overlapping and non-
overlapping conditions, we controlled for navigational features such as motor 
responses, visual flow attributable to simulated movement, and movement speed 
as contributing factors to our results. Direct comparison between the overlapping 
and non-overlapping experimental conditions revealed activity across multiple 
brain regions. All activations reported are FOR corrected to a statistical threshold 
of p< 0.05 with a voxel extent of 30. Significant differences in activation between 
the overlapping and non-overlapping conditions were restricted to the first hall 
and critical hall periods. We focus our report on the hippocampus, 
parahippocampal cortex, and orbitofrontal cortex because of their respective 
anatomical connections and their demonstrated roles in contextual and spatial 
mnemonic processing, and guiding flexible behavior. 
First hall period 
The starting points of the mazes (termed the "first halls") were distinct, non-
overlapping hallways in both the overlapping and non-overlapping conditions, 
and served to cue which path was to be followed in a given trial. For a summary 
of all regions activated in the first hall period for the overlapping greater than non-
overlapping contrast (OL > NOL), refer to Table 2.1. Of particular interest, the 
first halls of the overlapping mazes elicited significantly greater bilateral activity in 
the posterior hippocampus than the first halls of the non-overlapping condition 
(Fig. 2.3). Significantly greater bilateral activity in the parahippocampal cortex 
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was also present for the OL > NOL contrast (Fig. 2.3). Greater activation in the 
hippocampus and parahippocampal cortex for the overlapping condition suggests 
these regions are particularly important for the retrieval of the starting locations 
(spatial context) and associated components in the spatial sequences when the 
maze representations must be kept separate from one another. 
Critical hall period 
The critical halls of the overlapping condition represented the final hallway of an 
overlapping segment, with the correct choice at the end of the hallway contingent 
on which overlapping maze was being followed. The critical halls of the 
overlapping mazes elicited significantly greater activity in the right posterior 
hippocampus and right parahippocampal cortex (Fig. 2.4a). There was also 
significantly greater bilateral activity in the orbitofrontal cortex for the OL > NOL 
contrast (Fig. 2.4b ). These findings suggest that the hippocampus and 
parahippocampal cortex are important for the retrieval of distinguishing features, 
such as the starting points of the mazes, and the associated series of hallways to 
support the critical hall choice. Additionally, greater activation in the orbitofrontal 
cortex for the critical halls of the overlapping condition suggests the orbitofrontal 
cortex is important for selecting the correct navigational response based on the 
contextual information and associations retrieved by the medial temporal lobes. 
For a summary of all regions activated in the critical hall period for the OL > NOL 
contrast, refer to Table 2.2. 
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Other hallways 
We did not see any differences between the overlapping and non-overlapping 
conditions in any other hallways besides the first halls and critical halls. In 
particular, because the noncritical overlapping halls (Fig. 2.5) were directly 
associated with both mazes in the overlapping condition, this result suggests that 
differential activity in the first halls and critical halls is not an artifact of a 
perceived increased complexity of the overlapping environments, or a more 
general response to the presence of overlap regardless of whether a contextually 
dependent response is necessary. Breakdown of the individual components of 
the non-overlapping and overlapping mazes. The same colors denote 
comparable components across mazes (i.e., both the overlapping and non-
overlapping mazes contain non-overlapping first halls). Note that the OL 1 mazes 
only have one overlapping hallway, and therefore they do not have any 
noncritical overlapping halls. 
2.3.2.2 Parametric modulation by degree of overlap 
No significant modulation was found in the critical hall activity by the three 
degrees of overlap (Figs. 2.1, 2.5), either in the form of a linear trend or 
significant differences between critical hall types. These data, along with the 
finding that behavioral performance was equivalent across the three degrees of 
overlap, suggest that, in well learned representations, the flexible retrieval and 
response selection demands are the primary contributors to differential activity 
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observed between the conditions. It may be that varying levels of interference 
have more significance for these brain regions during the formation of new 
overlapping memories, when stable, orthogonal representations have not yet 
formed, but a subsequent study examining leaming-period activity would be 
required to test this. 
2.3.2.3 Other regions recruited 
Along with hippocampal, parahippocampal, and orbitofrontal cortical activation, 
we also saw significantly greater activity during the retrieval of overlapping 
sequences in regions that have been shown to participate in visual, spatial, and 
mnemonic processing (Tables 2.1, 2.2). In particular, we observed medial 
parietal activity, including some retrosplenial cortical activation, for the first hall 
period. Retrosplenial involvement in the current task is consistent with studies 
examining visualization, construction, and identification of complex visual scenes 
and spatial information (Addis et al., 2007; Burgess et al., 2001; Epstein 
&Higgins, 2007; Hassabis et al., 2007). Retrosplenial cortical activation, along 
with other medial and lateral parietal activations observed, may contribute to the 
successful disambiguation of overlapping spatial routes through explicit 
processing of visuospatial information necessary for the successful planning of 
the critical hall decision. 
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2.4 Discussion 
When we navigate familiar routes in daily life, we typically begin with a goal, such 
as a need to go to the grocery store. Using this objective, we retrieve the route 
we must then follow. Theoretical models propose it is the context under which we 
are traveling (e.g., "I am going to the store for milk") that we use to successfully 
navigate beyond points where the route overlaps with other routes we commonly 
follow (e.g., the route we take to work every day). Our experimental design 
allowed us to examine responses in the hippocampus, parahippocampal cortex, 
and orbitofrontal cortex, for distinct components of well learned overlapping 
mazes. Our fMRI results show increased activity in the hippocampus and 
parahippocampal cortex in the first halls and critical halls of overlapping mazes, 
when participants identify and retrieve the critical features of the current episode. 
The orbitofrontal cortex was specifically active during the critical halls, when 
participants need to use the context under which they are traveling to make 
correct navigational responses. 
2.4.1 First hall period 
From the reports collected in the post-scan interview, we found evidence that 
participants identified the mazes by the first halls with the help of the landmark 
objects and then retrieved the appropriate future critical hall decision necessary 
to reach the end of the maze. The first halls provided a spatial context indicating 
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which route was to be followed, since the mazes always began in distinct 
locations. Such contextual information was necessary to correctly navigate the 
critical halls because the overlapping locations themselves provided no 
information indicating which route was currently being followed. Although the 
present design does not permit dissociation of the respective functions of the 
parahippocampal cortex and hippocampus, a large body of existing literature 
would strongly suggest distinct roles for these medial temporal lobe structures in 
supporting spatial disambiguation. The parahippocampal cortex is important for 
object identification and retrieval of spatial context (Bar & Aminoff, 2003; Burgess 
et al., 2001; Eichenbaum et al., 2007; Epstein & Kanwisher, 1 998; Hartley et al., 
2003; Hasselmo, 2009; O'Craven & Kanwisher, 2000; Rosenbaum et al., 2004;). 
The strong bilateral parahippocampal cortex activations observed within the first 
halls of the overlapping mazes could correspond with the identification and 
retrieval of the spatial context reported by participants. 
Once a maze was identified by its starting position, participants reported 
thinking ahead to the critical hall and retrieving the future navigational response 
that would be made to reach the end of that particular maze. The hippocampus 
has been shown to play a key role in the formation and retrieval of both higher-
order and item--context associations (Eichenbaum et al., 2007; Kirwan & Stark, 
2004; Ranganath et al., 2004; Staresina & Davachi, 2009), as well as sequences 
of information (Fortin et al., 2002; Lehn et al., 2009; Ross et al., 2009; Schendan 
et al., 2003;). Ensembles of hippocampal place cells have been shown to fire 
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sequentially along trajectories from an animal's physical location, which may be 
important for the association between distal locations (Davidson et al., 2009; 
Diba & Buzsaki, 2007; Johnson & Redish, 2007). Additionally, there is evidence 
in humans that the hippocampus is active during initial planning of navigational 
routes through familiar environments (Spiers & Maguire, 2006). In the present 
study, posterior hippocampal activity observed in the first halls could support a 
sequential retrieval of visuospatial information linking contextual information 
provided by the starting location with the associated critical hall choice. 
Hippocampal lesions in humans generally leave representations for well learned 
environments intact (Rosenbaum et al., 2000; Teng & Squire, 1 999), but impair 
retrieval of their most-detailed features (Rosenbaum et al., 2000) and impair 
navigation of more ambiguous or complex roadways (Maguire et al., 2006). Our 
results corroborate these findings, demonstrating significantly greater 
hippocampal activity when details supporting successful navigation of 
overlapping routes are retrieved compared with the general navigation of non-
overlapping routes. 
2.4.2 Critical hall period 
There was no visual information within the critical halls of the overlapping 
condition to indicate the correct navigational response for any given trial; 
therefore, retrieval of the context under which participants were navigating was 
needed to discriminate between the overlapping routes. The parahippocampal 
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and hippocampal activation seen in the critical hall period could underlie the 
retrieval of the starting hallway, which participants identified as the contextual cue 
indicating which route was to be followed, and the associated critical hall 
response. 
In our study, the orbitofrontal cortex is bilaterally activated within the 
critical hall period. Of the three navigational choices at the end of the critical hall, 
two are equally rewarded over the course of the experiment. The anatomical 
connections of the orbitofrontal cortex are ideal for integrating perceptual 
information with contextual information to enable the navigator to select the 
correct response for a given trial. The orbitofrontal cortex receives input from 
every sensory modality (Barbas, 2000) and is anatomically connected with the 
hippocampus directly (Barbas & Blatt, 1995; Cavada et al., 2000; Roberts et al., 
2007) and through connections with the adjacent entorhinal and perirhinal 
cortices (Cavada et al., 2000; Kondo et al., 2005; Roberts et al., 2007). An 
emerging body of literature in both animals (Kravitz & Peoples, 2008; Murray & 
Izquierdo, 2007) and humans (Arana et al., 2003; Caplan et al., 2007; Elliott et 
al., 2000; Frey & Petrides, 2002; LoPresti et al., 2008; O'Doherty et al., 2003; 
Schon et al., 2008) suggests that the orbitofrontal cortex processes contextual 
information and is important for promoting flexible behavior, guiding response 
selection, and the resolution of interference. One patient with a lesion that 
included the orbitofrontal cortex was unable to suppress habitual responses at 
intersections in favor of the correct direction, despite being able to recall the 
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correct destination (Ciaramelli, 2008). In the present study, contextual 
information and the associated items retrieved in the medial temporal lobes could 
be used by the orbitofrontal cortex to flexibly select the correct response for 
execution in a given trial. 
Together, our results suggest that the processes underlying spatial 
disambiguation may occur in several stages: an initial identification of the spatial 
context in the first hallway enables retrieval of the appropriate navigational 
responses to reach the present goal. When navigating the critical hall, the unique 
information identifying the episode is retrieved to allow navigators to select the 
appropriate direction and suppress the alternative response. Recent 
computational models predict that similar tasks might be solved by an initial 
retrieval of the sequence that is maintained in working memory until the choice 
point (Zilli & Hasselmo, 2008b ), or, alternatively, retrieval of the necessary 
information is cued at the critical choice point itself (Zilli & Hasselmo, 2008a). Our 
results suggest that retrieval occurs at both points in the present task, in 
agreement with participants' verbal reports. It is possible that intervening 
intersections between the first halls and critical halls serve to disrupt the active 
maintenance of the starting location in working memory, encouraging the 
episodic retrieval strategy at the critical choice. 
A central element of the disambiguation literature is that subjects are 
distinguishing between sequences of information. Although near 100% accuracy 
on all mazes in the present task demonstrates participants knew the elements of 
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the spatial sequences very well, it is not possible to show that participants 
retrieved every element of a maze in each trial. Indeed, the retrieval of some 
elements of the maze might not be necessary for successful disambiguation in 
the critical hall. Participants explicitly reported recalling the first hall, the critical 
hall, and the correct hallway choice following the critical hall to reach the end of 
the path. Although it is possible that other elements of the maze were included in 
this retrieval (such as the final hall itself), given the overlearned nature of the 
overlapping mazes we suggest that the medial temporal lobe activity observed 
here is related to a more focal retrieval of episodic information relevant for the 
correct critical hall decision. 
2.5 Conclusions 
We provide evidence that, in well learned overlapping environments, recruitment 
of the hippocampus and parahippocampal cortex is specific to periods requiring 
the retrieval of features of the current navigational episode, and the orbitofrontal 
cortex is recruited specifically when there is a need to flexibly prepare and 
execute a contextually appropriate response. These findings are critical to our 
understanding of human navigation, as countless routes that we follow in our 
daily life have some degree of overlap with another route. Successful navigation 
of well learned routes in the real world often involves more than the simple 
execution of a habitual path, and requires the retrieval of contextual information 
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to disambiguate the intended route from others with which it overlaps or 
intersects. We illustrate a pattern of activity recruited for the context-dependent 
retrieval of highly familiar routes in humans that includes brain regions shown to 
be critical for this behavior in parallel studies in animals. 
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Figure 2.1 
Virtual maze design. (a) Overhead layout of the 12 mazes used in the task. The 
non-overlapping mazes (NOL) are depicted on the left and the overlapping mazes 
(OL) are depicted on the right. Mazes began at the "11" and end at the "X. " The 
colored, elongated, segments represent the hallways of the paths. One color 
represents one path. The gray segments represent the incorrect "foil" hallways. 
The black squares represent intersections between hallways. The yellow 
segments in the overlapping mazes represent overlapping hallways. The final 
hallway of an overlapping segment before the paths split apart (indicated with "*") 
was labeled the critical hall. (b) Perspective of NOL5 from the beginning of the 
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Scanning day behavioral performance. Error bars reflect the SEM. Significant 
differences are indicated with an asterisk. The OL condition is represented in gray, the 
NOL condition is represented in white. (a) Proportion of correct trials for the first hall 
period. (b) Reaction times (RTs) in milliseconds for the first hall period. (c) Proportion 
of correct trials for the critical hall period. (d) RTs in milliseconds for the first hall 
period. 
Figure 2.3 
Medial temporal lobe activation during the overlapping first hail 
period. Statistical parametric map of the OL>NOL contrast for the 
first hall period. The image is FOR corrected to p < 0.05 with a 
voxel extent of 30. The green arrows indicate bilateral hippocampal 
clusters of activation. The blue arrows indicate bilateral 











Greater activation in the critical hall period for overlapping mazes. (a) Statistical parametric 
map of the OL>NOL contrast for the critical hall period. The image is FDR corrected to p < 
0.05 with a voxel extent of 30. The green arrow indicates the right hippocampal cluster of 
activation. The blue arrow indicates the right parahippocampal cluster of activation . (b) 
Statistical parametric map of the OL>NOL contrast for the crit ical hall period. The image is 
FDR corrected to p < 0.05 with a voxel extent of 30. The blue arrows indicate bilateral 
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Figure 2.5 
Breakdown of the individual components of the non-overlapping and overlapping 
mazes. The same colors denote comparable components across mazes (i.e. both the 
overlapping and non-overlapping mazes contain non-overlapping first halls). Note that 
the OL 1 mazes only have one overlapping hallway, and therefore they do not have any 
noncritical overlapping halls . 
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2.7 Chapter 2 tables 
Table 2.1. Significant areas of activation from the overlapping> non~overlapping 
contrast in the First hall eeriod 
Left Right 
Area (t-value) _lM Nl x,y,z) _ _it-value) _jMNI x,y,z) 
Posterior hippocampus (bilateral) 3.77 -18,-36,-2 4.04 18,-34,-2 
Parahippocampa! cortex (bilateral) 7.88 -28,-36,-22 5.83 24,-38,-18 
Caudate (bilateral) 5.44 -8.4,12 4.33 12,2,12 
Medial globus patlidus (bilateral) 5.08 -12,-4,-2 4.69 14,-2,-2 
Lateral globus pallidus (right) 5.01 26,-14,-4 
Thalamus (bilateral) 6.55 -12,-20,14 6.44 10,-20,14 
Cingulate cortex (bilateral) 5.79 -4,8,52 5.92 10,12,50 
Inferior frontal gyrus (bilateral) 8.89 -34,48,6 5.2 24,56,-8 
Inferior frontal sulcus (right) 4.59 38,22,26 
Middle frontal gyrus (bilateral) 11.3 -30,-2,54 6.57 36,48,26 
Superior frontal sulcus (right) 11.83 26,10,54 
Insular cortex (bilateral) 3.86 -30,24,-2 5.81 36,26,0 
Inferior temporal gyrus (bilateral) 8.12 -46,-66,-10 6.08 44,-62,-14 
Fusiform gyrus (bilateral) 4.72 -28,-44,-12 8.64 28,-60,-14 
Superior parietal lobule (left) 6.61 -26,-62,54 
Angular gyrus (bilateral) 10.01 -28,-76,34 7.18 42,-70,32 
Precuneus (bilateral) 6.78 -6,-54,54 8.29 12,-62,56 
Retrosplenia! cortex (bilateral) 2.93 -10,-46,2 5.68 8,-48,2 
Lingua! gyrus (bilateral) 7 -12,-62,2 11.97 6,-70,2 
Lateral occipita! gyrus (bilateral) 4.43 -44,-76,12 4.39 46,-76,10 
Cuneus (bilateral) 3.49 -4,-98,2 7.15 10,-64,18 
Cerebellum (bilateral\ 4.78 -30,-56,-30 5.07 36,-52,-32 
M NJ coordinates reflect cluster-center voxe/s. 
t-values reflect FOR correction top< 0.05 
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Table 2.2. Significant areas of activation from the overlapping> non-overlapping 
contrast in the Critical hall eeriod 
Left Right 
Area (!-value) (MNI x,y,z) (t-value) (MNI x,y,z) 
Posterior hippocampus (right) 3.44 22,-32,-8 
Parahippocampal cortex (right) 4.73 18,-40,-12 
Caudate (bilateral) 5.43 -8,6,16 6.1 14,4,14 
Thalamus (bilateral) 4.84 -6,-6,4 4.27 10,-8,-4 
Orbitofrontal cortex (bilateral) 3.65 -20,46,-16 4.52 22,44,-14 
Cingulate cortex (bilateral) 4.4 -10,30,22 7.71 6,20,44 
Precentral sulcus (left) 6.78 -44,2,54 
Inferior frontal sulcus {left) 11.44 -36,30,20 
Middle frontal gyrus (b"dateral) 4.6 -34,48,8 9.47 42,46,22 
Superior frontal gyrus (right) 7.85 12,12,58 
Superior frontal sulcus (left) 5.63 -24,4,60 
Insular cortex (bilateral) 6.12 -32,26,0 7.91 34,26,-2 
Superior parietal lobule (left) 8.46 -36,-66,48 
Intraparietal sulcus (left) 12.77 -34,-52,44 
Angular gyrus (bilateral) 7.06 -30,-82,34 8.02 36,-72,42 
Supramarginal gyrus (right) 5.88 46,-42,46 
Precuneus (bilateral) 10.72 -4,-70,44 13.18 8,-66,46 
Lingual gyrus (bilateral) 9.01 -6,-70,4 7.49 4,-72,4 
Cerebellum (bilateral)_ 9.22 -8,-76,-32 8.41 10,-72,-30 
M Nl coordinates reflect cluster-center voxels. 
t-values reflect FDR correction top< 0.05 
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CHAPTER 3: Cooperative interactions betWeen:fhe . 







The brain's ability to retrieve distinct representations of overlapping information is 
a critical component of episodic memory and our daily lives. A classic example of 
what has been termed "disambiguation" is the ability to successfully navigate 
familiar overlapping routes. To avoid navigational errors, the brain must select the 
appropriate trajectory for the current context, despite interference from other 
overlapping paths. Models of episodic memory suggest the ability to retrieve 
specific episodes using contextual information is reliant on the hippocampus 
(Hasselmo & Eichenbaum, 2005; Zilli & Hasselmo, 2008a). Research in both 
animals (Agster et al., 2002) and humans (Brown et al., 201 0; Kumaran & 
Maguire, 2006; Ross et al., 2009) support a central role for the hippocampus in 
memory for overlapping sequences, and hippocampal neurons can uniquely 
code overlapping spatial trajectories using contextual information (Ferbinteanu & 
Shapiro, 2003; Lee et al., 2006; Smith & Mizumori, 2006; Wood et al., 2000). 
While the context-dependent retrieval of mnemonic information is 
fundamental to disambiguation, navigation of overlapping spatial routes also 
requires the ability to select between alternative behaviors based on the current 
context. The orbitofrontal cortex and striatum are both important for the 
evaluation and selection of behavior, and the hippocampus may interact with 
these regions in support of the decision-making process (Johnson et al., 2007). 
This work has been previously published as Brown, T. 1., Ross, R. S., Tobyne, S. M., & Stern, C. 
E. (2012). Cooperative interactions between hippocampal and striatal systems support flexible 
navigation. Neuroimage, 14, 439-453. Reprinted here with permission. 
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The orbitofrontal cortex is a critical structure for goal-directed behavior, and 
supports flexible response selection and suppression in animals (Murray 
&Izquierdo, 2007) and humans (Arana et al., 2003; Elliott et al., 2000; O'Doherty 
et al., 2003). Orbitofrontal neurons have been shown to encode both rewarding 
and aversive stimuli (Morrison & Salzman, 2009) and their firing patterns adapt to 
reflect changes in context (Kravitz & Peoples, 2008; Simmons & Richmond, 
2008). The rodent orbitofrontal cortex codes for goal-directed paths and exhibits 
oscillatory coherence with the hippocampus during goal-directed navigation 
(Young & Shapiro, 2011 ). The caudate has received extensive attention in the 
literature as a cognitive region of the basal ganglia, supporting reasoning, 
behavioral planning, and shifts in response strategy in humans (Graham et al., 
2009; Jankowski et al., 2009; Melrose et al., 2007; Monchi et al., 2001; Monchi et 
al., 2006). In rodents, the dorsomedial component of the caudate-putamen has 
been implicated in behavioral flexibility (Ragozzino et al., 2002) and contributes 
alongside the hippocampus to the use of cognitive-spatial information in the 
water maze (Devan & White, 1999). Both the orbitofrontal cortex and caudate 
nucleus are more strongly recruited for the successful navigation of overlapping 
than non-overlapping mazes in humans (Brown et al., 2010). Together, the 
caudate and orbitofrontal cortex could utilize episodic information provided by the 
hippocampus to flexibly direct behavior. 
There is emerging evidence that the hippocampus and caudate may 
function cooperatively during tasks which utilize processes attributed to each 
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structure. The hippocampus and caudate have been shown to positively interact 
during transitive inference tasks where behavioral responses are tied to relational 
information about the stimuli (Moses et al., 201 0). The hippocampus and caudate 
interact cooperatively during the traversal of cue-rich routes (Voermans et al., 
2004), and lesions to the dorsomedial caudate-putamen in rodents impair the use 
of spatial information in navigation, indicating a role for this area in the behavioral 
expression of hippocampal representations (Devan & White, 1999; Yin & 
Knowlton, 2004). Although the hippocampus and caudate can support competing 
strategies in spatial navigation (Bohbot et al., 2007; Hartley et al., 2003; !aria et 
al., 2003; !aria et al., 2008; Packard & McGaugh, 1996), they may cooperate to 
support spatial disambiguation because the successful navigation of overlapping 
routes requires the use of contextual signals to flexibly select between alternative 
behaviors. 
The hippocampus and caudate do not share direct anatomical 
connections, but the primate orbitofrontal cortex receives direct projections from 
the hippocampus and sends direct projections to the medial caudate nucleus 
(Cavada et al., 2000; Haber et al., 2006; Roberts et al., 2007). The orbitofrontal 
cortex also receives widespread sensory input (Barbas, 2000) and shares strong 
anatomical connections with reward circuitry including the amygdala and ventral 
striatum (Cavada et al., 2000; Haber et al., 2006; Roberts et al., 2007; Thierry et 
al., 2000), supporting its role in reward evaluation of stimuli. Therefore, the 
orbitofrontal cortex is anatomically positioned to interact with the medial caudate 
52 
directly as well as indirectly via the ventral striatum. Taken together with previous 
functional research, the anatomical data suggest the orbitofrontal cortex might 
integrate sensory input and reward signals with episodic information from the 
hippocampus to support selection of contextually appropriate behavior by the 
striatum. 
While activity in the hippocampus, orbitofrontal cortex, and caudate has 
been shown to increase for the navigation of overlapping routes (Brown et al., 
201 0), such results do not address whether these systems functionally interact in 
support of spatial disambiguation. In the present study, we tested whether the 
hippocampus and caudate interact cooperatively, antagonistically, or not at all 
during successful navigation of overlapping routes, and whether the 
hippocampus and caudate commonly engage with the orbitofrontal cortex during 
context-guided behavior. Using seed regions in the head, body, and tail of the 
hippocampus and the medial caudate nucleus, we contrasted a measure of 
functional connectivity for the navigation of well-learned overlapping mazes with 
that of non-overlapping mazes. We hypothesized that the hippocampus and 
caudate nucleus would have a cooperative functional relationship, becoming 
more strongly engaged with one-another on successful trials of well-learned 
overlapping mazes when flexible response planning and expression must be 
guided by contextual memory. Additionally, we hypothesized that the 
hippocampus and caudate would commonly engage with the orbitofrontal cortex 
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in the overlapping mazes to support context-guided evaluation of changes in 
reward contingencies for alternative stimuli and behaviors. 
3.2 Materials and methods 
3.2.1 Participants 
The present study used data acquired from participants for a previous study 
examining univariate differences in fMRI activations related to spatial 
disambiguation in humans (Brown eta!., 2010). Twenty-two participants (ages 
19-31, mean age± s.d.: 21.36 ± 3.43; nine male) with normal or corrected-to-
normal vision were recruited from the Boston University community. Two 
participants were eliminated from the analysis due to excessive motion during 
scanning, four because of poor behavioral performance, and two because of 
signal drop-out in the orbitofrontal cortex. Informed consent was obtained from 
each participant in a manner approved by the Partners Human Research 
Committee and the Boston University Institutional Review Board. 
3.2.2 Virtual Environments 
Twelve virtual mazes (see Figs. 3.1a and b) were constructed using POV-Ray 
Version 3.6 (http://www.povray.org/), a 30 ray-tracer modeling program. 
Participants navigated the mazes from a ground-level first-person perspective 
and behavioral data were recorded using E-Prime 2.0 (Psychology Software 
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Tools, Inc., Pittsburgh, PA). The virtual mazes were presented as a series of 
images rendered in POV-Ray. Every maze was comprised of five hallways, each 
containing unique objects which served as distinguishing features between the 
locations and were clearly identifiable and distinguishable from one another. 
Participants began each maze at a unique starting location (termed the 
"first hall") and traveled down each hallway to an intersection. There were four 
intersections per maze. Using a button box, participants could choose to turn left, 
right, or continue straight ahead at each intersection. The correct choice was the 
next hall in the sequence of spatial locations comprising a maze. When 
participants made their navigational responses in a maze, they were auto-piloted 
down that hall to the next intersection. The navigational responses at the end of 
the halls were counterbalanced across conditions. 
The twelve mazes were divided into two conditions. Six of the mazes 
comprised a "non-overlapping" condition, which did not share any hallways with 
each other and were therefore completely distinct (NOL 1-NOL6). The other six 
mazes comprised the "overlapping" condition. In the overlapping condition, the 
six mazes were split into three pairs in which each route began and ended at 
distinct, non-overlapping locations, but converged in the middle to share one, 
two, or three hallways with the other maze (OL 1, OL2, and OL3 pairs, 
respectively). 
Navigational demands were matched between both conditions: all mazes 
were the same length and the number of left, right, and straight choices 
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counterbalanced across the mazes and conditions (see also the Experimental 
task section below). By contrasting one navigational condition (the overlapping 
condition) with another closely matched navigational condition (the non-
overlapping condition) the present study was designed to remove effects due to 
spatial navigation alone, allowing us to examine changes in functional 
connectivity specifically related to processes supporting spatial disambiguation. 
3.2.3 Feedback 
After an incorrect choice at the end of a given hall, participants were turned in the 
selected direction, text reading "Wrong way'' in red letters was overlaid on the 
scene, and a green arrow appeared indicating the correct direction. Participants 
were then rotated in the correct direction and sent down the correct hallway. To 
further control the timing of the task, participants were allowed a maximum of 5 s 
to respond at the end of each hallway. In the case of a "no response," text 
reading "Respond" was overlaid on the scene and participants were provided 
with the same feedback arrows and correctional movement as with an incorrect 
response. "No response" trials were treated as incorrect for both the training and 
testing periods of the task. Error feedback was provided during all components of 
the study. 
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3.2.4 Pre-scan training 
Participants were trained to a criterion of 1 00% correct on all 12 mazes the day 
before scanning. Participants were initially guided by the experimenter through a 
sample pair of overlapping mazes (different from those used in the actual task) to 
ensure participants understood the mechanics of the navigational task and to 
explain how feedback for incorrect navigational choices worked. Participants 
were made aware that some mazes would share hallways with other mazes, but 
that they would all begin and end at distinct locations from one-another. 
Participants were instructed to attend to the starting hallway as it was the cue for 
which maze they were following in a given trial, and to attend to the landmark 
objects to aid in knowing where they were in the mazes. 
When learning the mazes, participants would repeatedly navigate one 
maze until they met a training criterion of four perfect consecutive trials. When 
criterion was met for one maze, participants would learn the next maze. The 
order in which mazes were learned was randomized for each participant. 
Following individual training on all the mazes, participants performed four training 
runs in which all twelve mazes were presented in an interleaved, randomized 
order, just as they would be presented the following day during scanning. The 
final three training runs were required to be error-free to ensure participants had 
mastered the mazes and task contingencies. 
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3.2.5 Experimental task 
Participants were scanned the day after training took place. Before scanning, 
participants were given a warm-up run through all twelve mazes in an 
interleaved, randomized order. Within the scanner, participants performed 12 
runs of the experiment. Each run contained all 12 mazes presented in a 
counterbalanced order across runs. The order of the runs was randomized 
across subjects. Each maze began with a 2 second instructional cue image, in 
which participants viewed the starting perspective of the first hallway of the maze 
without moving. Overlaid on the cue image were the instructions "Navigate to the 
end of the maze." Following the instructional cue image, participants were 
automatically piloted down the unique starting hallway to the first intersection. At 
the intersection, participants responded with a button press of 1 to turn left, 2 to 
continue straight ahead, or 3 to turn right. Following a correct navigational 
choice, participants were automatically piloted down the next hallway to the 
subsequent intersection. Incorrect navigational choices were met with the 
feedback described above. Turns were made in two simulated steps, with each 
step incorporating 45' of rotation, such that the participant would come out of the 
turn centered and facing directly down the next hallway. 
In the non-overlapping condition, each hallway was always followed by the 
same navigational choice. In the overlapping condition, both the non-overlapping 
and overlapping hallways were also always associated with the same 
navigational choices except for the "critical halls" (Fig. 3.1 a). The critical halls 
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were the last hall within an overlapping segment before the two mazes diverged. 
These hallways were termed critical halls because the navigational choice at the 
end of the hallways differed depending on which route was being followed. 
Because every maze began at a distinct location, correctly navigating beyond a 
critical hall required knowledge of the starting point and the hallways traveled 
before having entered the overlapping component. Importantly, the critical halls 
were constructed no differently from any other hallway, ending at an intersection 
with three possible navigational choices leading to hallways containing uniquely 
identifiable objects. Only knowledge of the routes distinguished the critical halls 
as important. Accuracy and reaction times were recorded for each navigational 
choice made. 
Each hallway was comprised of 9 POV-Ray generated images, presented 
to participants as virtual steps in E-Prime. Each image was presented for 0.25 s, 
so that each hallway took 2.25 s to traverse. Following the navigational response 
at an intersection, translation or rotation through the intersection to the start of 
the next hallway took 1 s. The exact timing of behavioral responses as well as 
the image presentation was logged in E-Prime to allow accurate modeling of the 
task. The total duration of a maze varied with the response times at each 
intersection. Each maze was followed by an 8 second inter-trial interval (ITI) in 
which participants viewed a fixation point in the center of a black screen. 
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3.2.6 Post-scan interview 
After scanning, participants were interviewed about their experience with the 
mazes, including their use of the landmark objects, how they identified the 
mazes, and their strategy for accurately navigating the periods of overlap. 
3.2.7 Image acquisition 
Images were acquired using a 3 T Siemens MAGNETOM Trio Tim scanner 
(Siemens AG, Medical Solutions, Erlangen, Germany) with a 12-channel Tim 
Matrix head coil. Two high-resolution T1-weighted multiplanar rapidly acquired 
gradient echo (MP-RAGE) structural scans were acquired using generalized 
autocalibrating partially parallel acquisitions (GRAPPA) (TR = 2530 ms; 
TE = 3.44 ms; flip angle= r; slices = 176, field of view = 256; 
resolution= 1 mm x 1 mm x 1 mm). Functional T2*-weighted BOLD images were 
acquired using an echo planar imaging (EPI) sequence (TR = 2000 ms; 
TE = 30 ms; flip angle= 90°; acquisition matrix= 64 x 64, field of view= 256; 
slices= 32, resolution= 4.0 mm isotropic). Slices were aligned along the 
anterior/posterior commissure line. 
3.2.8 fMRI pre-processing 
Imaging analysis was conducted using SPMS (Wellcome Department of 
Cognitive Neurology, London, UK). All BOLD images were reoriented so the 
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origin (i.e., coordinate xyz = [0 0 0]) was at the anterior commissure. Images 
were then slice-time corrected to the first slice acquired in time. Motion correction 
was conducted and included realigning and unwarping the BOLD images 
(Andersson et al., 2001 ). The high-resolution structural images were then 
coregistered with the mean BOLD image from motion correction and segmented 
into gray and white matter images. The bias-corrected structural images and the 
coregistered BOLD images were spatially normalized into standard MNI space 
using the parameters derived during segmentation with resampling of the BOLD 
images to 2 mm3 isotropic voxels and then smoothed using a 6 mm full-width at 
half maximum Gaussian kernel. 
3.2.9 Data analysis 
3.2.9.1 Behavioral data analysis 
Separate paired-sample t-tests were used to assess differences in the fMRI task 
between the overlapping and non-overlapping conditions for percent accuracy 
and reaction time for the first halls and critical halls. Because the study was 
designed to assess functional connectivity effects in well-learned environments, a 
stringent criterion was applied such that participants were excluded from the 
study if they made more than three errors at any intersection in either condition 
(yielding less than 75% accuracy for that navigational choice). 
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Training participants to stable 100% performance on all mazes prior to 
scanning helped ensure that differential learning effects between the overlapping 
and non-overlapping conditions would not be a confound for interpreting the fMRI 
functional connectivity data. To demonstrate that behavioral performance in the 
scanner did not change across time differently for the two conditions as a result 
of continued practice, accuracies and reaction times were examined across runs 
for both the first hall and critical hall periods. Accuracies for the first halls and 
critical halls in both conditions remained markedly stable across runs at near 
100%. Since reaction times can demonstrate practice effects even when 
accuracy is invariant, the individual reaction times of participants across trials 
were entered into a repeated-measures general linear model (GLM) analysis 
testing for influences of condition and run number on performance. 
3.2.9.2 fMRI functional connectivity analysis 
Seed regions and ROI definition 
In this experiment we were interested in studying whether the hippocampus and 
caudate nucleus functionally interact with each other and the orbitofrontal cortex 
to support the successful navigation of overlapping mazes. There is growing 
anatomical, genetic, and functional data to suggest various cognitive and 
behavioral contributions of different hippocampal subcomponents along the 
anterior-posterior axis (Fanselow & Dong, 201 0). Directly related to the present 
experiment, the posterior hippocampus has been implicated in the formation of 
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non-spatial overlapping sequential memories (Kumaran & Maguire, 2006) and is 
active for disambiguation during retrieval of overlapping spatial memories (Brown 
et al., 201 0). However, hippocampal regions throughout the anterior-posterior 
axis have been implicated in cognitive abilities used in the current task. 
Specifically, sequence processing activates hippocampal clusters ranging from 
the tail through the body to the anterior hippocampus (Lehn et al., 2009; Ross et 
al., 2009; Schendan et al., 2003). The anterior hippocampus is important for 
spatial processing and flexible navigation (Bohbot et al., 2007; Hartley et al., 
2003; !aria et al., 2003; Wolbers et al., 2007) and interacts with the caudate 
during route recognition (Voermans et al., 2004). Anatomically, the hippocampal 
projections to the orbitofrontal cortex are distributed along the rostra-caudal 
extent of the hippocampus (Barbas & Blatt, 1995; Cavada et al., 2000; Roberts et 
al., 2007), providing the anatomical framework for potential hippocampal-
orbitofrontal cortex interactions along the entire anterior-posterior axis of the 
hippocampus. 
In summary, studies of overlapping sequence disambiguation (Kumaran & 
Maguire, 2006; Brown et al., 2010) predict posterior hippocampal functional 
interactions supporting spatial disambiguation, while sequence processing, 
navigation, and route recognition studies suggest the body and head of the 
hippocampus might show functional interactions during navigation of overlapping 
routes. Critically, task-related changes in functional connectivity can manifest 
differently from activations identified in traditional univariate analyses (e.g. 
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disambiguation-related connectivity may localize to a different part of the 
hippocampus than disambiguation-related activation differences). Therefore, it 
remains an open question whether different regions along the rostra-caudal 
extent of the hippocampus contribute to spatial disambiguation through their 
pattern of functional connectivity. 
To better characterize which components of the hippocampus have 
disambiguation-related changes in functional connectivity, we created distinct 
seed regions in the head, body, and tail of the hippocampus. We placed our seed 
regions within these anatomical subdivisions (as defined by Pruessner et al., 
2000) using functionally-relevant coordinates implicated in sequence processing 
and navigation. We created seed regions in the left and right hippocampal tail 
using coordinates (± 18, - 36, 2) derived from research examining the retrieval of 
overlapping and non-overlapping sequences (Ross et al., 2009). We created 
seed regions in the left and right hippocampal body using coordinates (± 30, 
- 24, - 15) from research examining explicit and implicit sequence learning 
(Schendan et al., 2003). We created seed regions in the left and right 
hippocampal head using coordinates (± 24, - 13, - 20) from a region supporting 
navigation using spatial information (Bohbot et al., 2007). The left and right 
caudate nucleus seed coordinates (± 10, 4, 12) were derived from a medial 
region active for planning switches in behavioral response strategy (Monchi et 
al., 2006). The seed regions were created in two steps: we initially created 
spherical regions of interest (ROis) of 5 mm radius centered on the above 
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coordinates using the Wake Forest University (WFU) Pick-Atlas (Maldjian et al., 
2003) available for SPM. To minimize voxels residing in white matter, 
cerebrospinal fluid, and other brain areas from being included in our ROis and 
adding noise to the functional data, the spherical ROis were then masked by 
anatomical boundaries using an intersection between the 5 mm spheres and AAL 
structural delineations in the WFU Pick-Atlas. These anatomically constrained 
ROis were then saved as masks to be used for the connectivity analyses (see 
Fig. 3.1c). 
Left and right orbitofrontal ROis were also defined for the extraction of 
correlation values (detailed in Sign of functional correlations between regions of 
interest section). The coordinates for the orbitofrontal volume were derived from 
a region in which activation during encoding of visual stimuli predicts recognition 
memory (± 25, 44, - 11) (Frey & Petrides, 2003). The orbitofrontal correlation 
extraction volumes were defined in the same manner as the connectivity seed 
region volumes- a 5 mm radius sphere was created at the desired coordinates 
using the WFU Pickatlas, which was then masked to exclude white matter using 
an orbitofrontal anatomical mask created from the AAL orbitofrontal subdivisions. 
Beta series correlation connectivity analysis 
Functional connectivity analyses were conducted using the beta series 
correlation analysis method (Rissman et al., 2004). The beta series correlation 
method utilizes the univariate fMRI data analysis so that parameter estimates 
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(betas) reflecting the magnitude of the task-related blood oxygen level dependent 
(BOLD) responses are estimated for each trial. Therefore, the beta series 
correlation analysis requires that the individual trials of events examined in the 
functional connectivity analysis be modeled separately. 
Our functional connectivity analysis was restricted to two key time periods 
of the task for which we had specific hypotheses: the first hallway cue period and 
the critical hallways. The individual trials for the first hall cue period and critical 
hall events were modeled separately with their own regressors for inclusion in the 
functional connectivity analysis. Because there were 72 trials per condition, a 
participant with 100% performance on the task would have 72 overlapping first 
hall regressors, 72 non-overlapping first hall regressors, 72 overlapping critical 
hall regressors, and 72 non-overlapping critical hall regressors to be entered into 
the beta series correlation analysis. Because there were no actual overlapping 
hallways in the non-overlapping condition, "counterpart hallways" were assigned 
to the overlapping hallway regressors for the non-overlapping mazes. Non-
overlapping condition "counterpart hallways" were assigned such that each 
occupied the same position in the maze as its overlapping hallway counterpart in 
the overlapping condition. 
There were 7 remaining distinct time periods of the task to be modeled: 
instructional cue images, second halls, non-critical single overlapping halls, non-
critical double overlapping halls, fourth halls, fifth halls, and inter-trial interval (ITI) 
periods. To accurately capture the variance in the task, these 7 factors were each 
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separately modeled with two regressors, one for all correct trials of the 
overlapping condition, and one for all correct trials of the non-overlapping 
condition (for a total of 14 regressors), similar to how they might be modeled for a 
traditional univariate fMRI analysis. The "second halls" and "fourth halls" 
regressors represented non-overlapping hallways of each condition in that 
sequential position (excluding overlapping hallways of those positions and non-
overlapping condition hallways assigned as "overlapping counterpart hallways"). 
A single nuisance regressor was created to account for variance due to error 
trials and feedback, and translation/rotation through the intersections. Finally, the 
six motion parameters calculated during motion correction were added to the 
model as additional covariates of non-interest. In total, a subject who made no 
errors would have a design matrix containing 309 regressors (288 for the beta 
series correlation analysis of the first hall and critical hall periods, and 21 
regressors for remaining task components and noise sources). Because error 
trials were included in the nuisance regressor, the actual number of regressors 
varied slightly across participants. 
To ensure the regressors captured the navigational decision process, each 
hallway regressor was modeled as a square wave beginning with the onset time 
of the first frame of the hallway, and terminating with the response time at the 
subsequent intersection. Each of the regressors was then convolved with the 
canonical hemodynamic response function in SPM8 for use in the functional 
connectivity analysis. 
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Collinearity between regressors for adjacent hallways was minimal 
(< 0.24), ensuring a high degree of discriminability between maze segments (e.g. 
signal in the critical hall is separable from that of its adjoining hallways). An 
important note is that regressors for the instructional cue image presentation and 
first hall cue period are correlated due to their temporal proximity. However, the 
instructional cue and first hall cue period regressors reflect components of the 
same "contextual cue" event, in that they both represent the same cue location 
and starting perspective of the environment. The stimulus features of first hall 
regressors are more similar to other maze components like the critical hall period 
because there is no instructional text overlaid on the screen and participants are 
in motion. 
Parameter estimates were computed for each regressor using the least 
squares solution of the GLM in SPM8. Parameter estimates in SPM pertain to the 
orthogonal components of the regressors. We made use of SPM's 
autoregressive AR(1) model during parameter estimation to help account for the 
effect of aliased biorhythms and other unmodeled signal sources. SPM8 also 
employs by default a 0.008 Hz high-pass filter during first level model 
specification to remove very slow drifts in signal over time. The parameter 
estimates for each trial of a condition of interest were strung together to form a 
"beta series". Parameter estimates with values above or below 2.5 standard 
deviations from the mean were considered outliers and excluded from the series 
correlation. The beta series correlation functional connectivity analysis relies on 
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the assumption that the degree of similarity (correlation strength) between the 
fluctuations of parameter estimates across trials of two voxels serves as a metric 
of the functional interaction between the voxels (Rissman et al., 2004). Two brain 
regions may both significantly increase their activation, on average, across trials 
for a particular experimental manipulation, but still lack any coherence between 
their trial-by-trial responses to the task. Conversely, it is possible for a brain 
region to have significant task-dependent coherence across trials with another 
region, without necessarily increasing its average activity level. Using a custom 
MATLAB (MathWorks, Natick, MA) script generously provided by Dr. Jesse 
Rissman, we determined correlations between our respective seed regions' beta 
series and the beta series of all other voxels in the brain for the first hall and 
critical hall periods of both conditions. The beta series correlation analysis 
generates raw correlation (r) maps which are transformed into z maps using an 
arc-hyperbolic tangent transformation to allow statistical comparisons to be made 
between correlation magnitudes. For more details and validation of the beta-
series correlation method, see Rissman et al., 2004. Group level random-effects 
statistical parametric maps (SPMs) for the four conditions of interest (first hall 
and critical hall periods of the overlapping and non-overlapping conditions) were 
constructed using the z-transformed correlation maps of each individual 
participant in SPM8. 
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Sign of functional correlations between regions of interest 
Determining whether the correlations between the hippocampus, caudate 
nucleus, and orbitofrontal cortex were positive or negative was central to 
addressing our experimental hypotheses. A positive correlation can be viewed as 
a cooperative interaction, while a negative correlation is indicative of a 
competitive relationship. Correlation values were extracted from the raw 
correlation (r) maps using the Volumes Toolbox in SPM8 
(http://sourceforge.net/projects/spmtools/). Correlation values were averaged 
across the voxels within the volumes of our regions of interest. Correlation values 
between the hippocampus and caudate were extracted from the a priori defined 
caudate seed volumes for the respective hippocampal correlation maps. 
Correlation values with the orbitofrontal cortex were extracted from the respective 
hippocampal and caudate correlation maps using the a priori defined orbitofrontal 
volumes described in Seed regions and ROI definition section. To determine 
whether the correlations were significant, the average correlation values for each 
participant were entered into one-sample !-tests against zero for each interaction. 
Because of the large number of statistical comparisons in this analysis, we 
corrected for false-positives to p < 0.05 using Holm's sequential Bonferroni 
correction for multiple comparisons (Holm, 1979). The least stringent statistical 
threshold from the sequential Bonferroni correction for our data wasp < 0.00278. 
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Overlapping vs non-overlapping analysis 
Group averaged Statistical Parametric Maps (SPMs) of functional connectivity 
differences for the overlapping greater than non-overlapping contrast were 
created by entering the overlapping and non-overlapping condition z-transformed 
correlation images from each participant into a paired-sample t-test using 
participant as a random factor. A voxelwise statistical threshold of p < 0.01 was 
applied to the between-condition connectivity maps. To correct for multiple-
comparisons, we applied a cluster-extent threshold technique. We used the 
AlphaSim program in the AFNI software package (http://afni.nimh.nih.gov/afni/) to 
conduct a Monte Carlo simulation analysis on the whole brain volume (masking 
out voxels outside the group functional brain space using the ResMS header file 
derived from SPM8). From this analysis, a minimum voxel extent of 140 was 
determined to maintain a family-wise error rate of p < 0.01. 
We observed significant disambiguation-related (OL > NOL) connectivity 
for both the hippocampus and caudate with the orbitofrontal cortex and anterior 
middle frontal gyrus in the critical hall period (see Disambiguation-related 
functional connectivity section). To test whether the hippocampus and caudate 
increased their connectivity with the same regions of the orbitofrontal and lateral 
prefrontal cortices, we conducted a post-hoc conjunction analysis. Using the 
caudate seed OL > NOL connectivity contrast maps, thresholded at p < 0.01 with 
a voxel extent of 140, we masked significant clusters of connectivity by the 
anatomical boundaries of the orbitofrontal cortex and the anterior lateral 
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prefrontal cortex. We then used the anatomically restricted clusters of caudate 
connectivity in the orbitofrontal cortex and anterior middle frontal gyrus to mask 
the results of the hippocampal seed OL > NOL contrasts. Contrast maps for the 
hippocampal seeds were thresholded at p < 0.01, and the number of significant 
voxels, if any, present within the orbitofrontal cortex or anterior middle frontal 
gyrus volumes reflected the degree of overlap in disambiguation-related 
connectivity between the hippocampal and caudate seeds. 
Connectivity differences across hippocampal ROts 
To test whether there were differences across hippocampal ROis (head, body, 
and tail) in their connectivity with the caudate and the orbitofrontal cortex, we 
conducted a full factorial analysis in SPM8 with hippocampal ROI, condition 
(overlapping or non-overlapping), and hallway type (1st hall or critical hall) as 
factors. We examined the caudate and orbitofrontal cortex for a significant main 
effect of hippocampal ROI on connectivity, and significant interactions between 
any such effect with condition or hallway type. This connectivity analysis was 
conducted with the same statistical criterion used for our primary disambiguation-
related connectivity contrast (a voxelwise statistical threshold of p < 0.01, with a 
cluster-extent correction top< 0.01 using 140 voxels). 
Following evidence for a significant main effect of hippocampal ROI in 
both the caudate and the orbitofrontal cortex (see Results section), we conducted 
a series of post-hoc tests to determine which hippocampal subregions differed 
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from one another in connectivity strength. Participants' z-transformed correlation 
images were entered into separate paired-sample /-tests between the 
hippocampal ROis in SPM8 (Tail > Body, Body> Head, Tail> Head, and the 
reverse directions - Head >Body, Head >Tail, and Body> Tail). Applying the 
same statistical criterion used for the disambiguation-related connectivity and full 
factorial analyses above, we examined the caudate and orbitofrontal cortex for 
significant connectivity differences between the pairs of hippocampal ROis. 
3.3 Results 
3.3.1 Behavioral data 
3.3.1.1 Training data 
Based on behavioral piloting, mazes were initially learned one at a time. We 
established a criterion of 4 consecutive perfect trials on each maze. Participants 
reached criterion with the non-overlapping mazes in an average of 5.31 trials with 
a standard error (s.e.m.) of 0.07. Similarly, participants took an average of 5.65 
trials to reach criterion in the overlapping condition mazes (s.e.m. = 0.13). After 
individually learning all 12 mazes, participants were given 4 training runs of the 
task (see Materials and methods). In each training run, participants navigated all 
12 mazes in a randomized, interleaved order to further familiarize them with the 
mazes as well as expose them to the structure of the task used during scanning 
the following day. 
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3.3.1.2 fMRI behavioral data 
Prior to scanning, participants were given a warm-up run of all 12 mazes in a 
randomized order. During scanning, participants navigated the first halls with no 
significant difference (t(13) = 1.47, p = 0.165) in percent accuracy between the 
overlapping condition (mean± s.e.m.: 99.40 ± 0.28) and the non-overlapping 
condition (mean± s.e.m.: 99.80 ± 0.14) (Fig. 3.2a). Reaction times (in 
milliseconds) did not differ significantly (t( 13) = 1.89, p = 0.081) between the 
overlapping condition (mean± s.e.m.: 561.75 ± 34.05) and the non-overlapping 
condition (mean± s.e.m.: 529.90 ± 25.1 0) (Fig. 3.2b). 
Participants navigated the critical halls with near 1 00% accuracy in both 
the overlapping condition (mean± s.e.m.: 96.51 ± 0.59) and the non-overlapping 
condition (mean± s.e.m.: 99.70 ± 0.16) although these differences did reach 
statistical significance (t(13) = 6.28, p < 0.001) (Fig. 3.2c). Reaction times did not 
differ significantly (t(13) = 0.26, p = 0.798) between the overlapping condition 
(mean± s.e.m.: 523.98 ± 32.83) and the non-overlapping condition 
(mean± s.e.m.: 530.91 ± 27.54), and were comparable to those of the first hall 
period (Fig. 3.2d). 
The results of the GLM analysis of reaction times across runs confirmed 
there was no significant difference between the reaction time slopes of the 
overlapping and non-overlapping conditions for either the first hall 
(F(11 ,110) = 1.37, p = 0.199) or critical hall period (F(11, 110) = 1.28, p = 0.245). 
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These data suggest that overall differences in functional connectivity between the 
overlapping and non-overlapping conditions are not an artifact of differential 
effects of practice in the two conditions over time. 
3.3.2 fMRI connectivity data 
3.3.2.1 Sign of functional correlations 
Although the hippocampus and caudate nucleus are components of dissociable 
memory systems in the brain, there is evidence that they function cooperatively 
in supporting behavior which relies on processes attributed to each structure. We 
hypothesized that the hippocampus and caudate would interact cooperatively 
during successful performance of our spatial navigation task, facilitating context-
guided behavior. In support of our prediction, correlations between task-related 
signal changes in the hippocampus and the caudate in the first hall and critical 
hall periods of both conditions were significantly positive, suggesting a 
cooperative relationship between the hippocampus and caudate. Additionally, 
signal in both hippocampal and caudate ROis was significantly positively 
correlated with orbitofrontal cortex signal in both the first and critical halls of both 
conditions. Correlation values were sequential Bonferroni corrected for multiple 
comparisons to p < 0.05 with a threshold of p < 0.00278. Significant correlation 
values between ROis for all hallways and conditions are shown in 
Table 3.1 and Table 3.2. 
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3.3.2.2 Disambiguation-related functional connectivity 
Critical to the experiment, the overlapping and non-overlapping conditions were 
closely matched to control for navigational features such as motor responses, 
visual flow due to simulated movement, and movement speed as contributing 
factors to our results. All functional interactions reported are thresholded at the 
voxel level at p < 0.01 and corrected for multiple comparisons using a cluster 
extent threshold method. A complete list of significant connectivity differences 
between the overlapping and non-overlapping conditions is shown in 
Table 3.3 and Table 3.4. 
Hippocampal-striatal connectivity 
Disambiguation-related (OL > NOL) changes in functional connectivity were 
observed between the hippocampus and the striatum in both the first hall and 
critical hall periods of the task. The starting hallways of the mazes were distinct, 
non-overlapping hallways in both the overlapping and non-overlapping 
conditions, designed to cue the current route for participants. Despite identical 
response demands across conditions in the starting hallways, the left 
hippocampal head was significantly more strongly engaged with the right caudate 
nucleus in the first halls of the overlapping than the non-overlapping condition. 
Additionally, the right hippocampal body had significantly greater connectivity 
with bilateral portions of the caudate head and putamen in the first halls of the 
overlapping than the non-overlapping condition (Fig. 3.3a). 
76 
The critical halls of the overlapping condition represented the segment 
where overlapping mazes diverged from one another, with the correct direction at 
the end of the hallway contingent on which overlapping maze was being 
followed. The right hippocampal body was significantly more strongly connected 
with the head and body of the right caudate nucleus in the critical halls of the 
overlapping than the non-overlapping condition. The left hippocampal body also 
had significantly greater functional connectivity with the head of the right caudate 
nucleus in the critical halls of the overlapping condition. Finally, the left 
hippocampal tail had significantly stronger connectivity with the left caudate 
nucleus for this contrast (Fig. 3.3b ). 
Orbitofrontal connectivity 
Disambiguation-related increases in functional connectivity with the orbitofrontal 
cortex were specific to the critical hall period for both the hippocampus and the 
caudate. The left hippocampal tail and body were both significantly more strongly 
connected with the right orbitofrontal cortex in the critical halls of the overlapping 
than the non-overlapping condition (Fig. 3.4a). Strikingly, the right caudate 
nucleus was also significantly more strongly connected with the right orbitofrontal 
cortex in the critical halls of the overlapping than the non-overlapping condition 
(Fig. 3.4b). The conjunction analysis revealed that disambiguation-related 
connectivity for the left hippocampal tail overlapped with that of the right caudate 
in the OFC by 30 voxels. The pattern of disambiguation-related functional 
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connectivity for the left hippocampal body also overlapped with that of the right 
caudate in the OFC by 10 voxels. 
Lateral prefrontal connectivity 
In addition to the orbitofrontal cortex, the hippocampal and caudate seed regions 
shared disambiguation-related increases in connectivity with lateral prefrontal 
regions in the critical hall period. The left hippocampal body, right hippocampal 
tail, and right hippocampal body all significantly increased their functional 
engagement with the right anterior middle frontal gyrus in the critical halls for the 
overlapping greater than non-overlapping contrast. The right hippocampal body 
also had significantly greater functional connectivity with the right inferior frontal 
gyrus for this contrast (Fig. 3.5a). The left and right caudate nuclei were both 
significantly more strongly connected with the right anterior middle frontal gyrus 
in the critical halls of the overlapping than the non-overlapping condition 
(Fig. 3.5b ). Similar to the orbitofrontal connectivity results, the conjunction 
analysis revealed that disambiguation-related connectivity for the left 
hippocampal body overlapped with that of both the left and right caudate by 14 
voxels in the anterior middle frontal gyrus. The right hippocampal tail overlapped 
with the left caudate by 40 voxels, and with the right caudate by 30 voxels. The 
right hippocampal body did not overlap with the caudate in connectivity 
differences in the middle frontal gyrus. 
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Other disambiguation-related connectivity changes 
Along with marked interactions between hippocampal subregions, the caudate, 
and orbitofrontal and lateral prefrontal cortices, we also observed significantly 
greater connectivity with our seed regions during the retrieval of overlapping 
spatial sequences in areas that have been shown to participate in visual, spatial, 
and mnemonic processing (see Table 3.3 and Table 3.4). We observed greater 
connectivity between the right caudate and retrosplenial cortex in the first hall 
period for the overlapping condition. Retrosplenial involvement in the current task 
is consistent with an involvement in visualization, construction, and identification 
of complex visual scenes and spatial information (Addis et al., 2007; Burgess et 
al., 2001; Epstein and Higgins, 2007; Hassabis et al., 2007). Increased 
engagement of the caudate nucleus with retrosplenial cortex in the first hallways 
of the overlapping condition may reflect a use of orientation information or 
visualization of the critical hallway in planning the upcoming behavioral strategy. 
Similarly, connectivity between our seed regions and other visual areas may also 
reflect explicit processing of visuospatial information during planning and retrieval 
pertaining to the critical hall decision. 
3.3.2.3 Connectivity differences across hippocampal ROis 
Our GLM analysis examining differences in connectivity across hippocampal 
ROis (the left and right tail, body, and head) with the caudate and the 
orbitofrontal cortex revealed a significant main effect of hippocampal subregion. 
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Post-hoc paired-sample t-tests revealed a striking posterior bias in functional 
connectivity, with posterior hippocampal regions tending to have a stronger 
functional relationship with the caudate and OFC than anterior hippocampal 
regions (i.e. Tail 2o Body> Head) during navigation of well-learned spatial routes. 
This bias was most clear between right hippocampal subregions. Significant 
connectivity differences between hippocampal ROis are summarized in 
Table 3.5. 
There were no instances where anterior regions had greater connectivity 
than posterior regions with two exceptions: for the Body> Tail contrast the left 
hippocampal body had stronger connectivity than the tail with the left OFC in the 
1st and critical halls of the overlapping condition. For the Head >Tail contrast, 
the left hippocampal head had stronger connectivity than the tail with the left 
OFC in both halls of the non-overlapping condition, and the critical halls of the 
overlapping condition (in a different orbitofrontal location than the primary 
Tail > Head difference). 
Interestingly, the omnibus full factorial analysis did not show a significant 
interaction between experimental condition and hippocampal subregion. This 
suggests a more general bias in caudate and OFC interaction strength towards 
posterior hippocampal areas for our spatial sequence retrieval tasks. Although 
the omnibus full factorial analysis did not show a significant interaction between 
hippocampal ROI and condition, we did observe a greater number of 
disambiguation-related functional connectivity differences for hippocampal body 
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and tail seed regions than the hippocampal head seeds (Table 3.3 and Table 3.4, 
and Fig. 3.3, Fig. 3.4 and Fig. 3.5). The posterior bias of hippocampal functional 
connectivity is notable because the anatomical connections between the 
hippocampus and orbitofrontal cortex are densest in the anterior hippocampus in 
primates (Barbas & Blatt, 1995; Cavada et a/., 2000). However, our results are 
consistent with posterior localization of hippocampal activity for learning and 
retrieval of both overlapping and non-overlapping sequences (Brown eta/., 201 0; 
Kumaran & Maguire, 2006;Ross et a/., 2009) and the proposed roles for the 
posterior and intermediate hippocampus in navigational memory and the 
translation of such knowledge into motivation and action (Fanselow & Dong, 
201 0). Our data suggest functional interactions of the mid-posterior extent of the 
hippocampus may be particularly important for goal-directed navigation. 
3.4 Discussion 
It is understood that complex human behaviors emerge from the dynamic 
involvement of networks of brain regions. A crucial question is which neural 
systems interact to support a given behavior, and what is the nature of that 
interaction. Our experimental design allowed us to determine the nature of the 
functional relationship between the hippocampus, caudate nucleus, and 
orbitofrontal cortex during the traversal of two key components of well-learned 
overlapping mazes. Our functional connectivity results show a significant 
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cooperative relationship between the hippocampus, the caudate, and the 
orbitofrontal cortex in route navigation, and these regions become more strongly 
engaged with one another during successful navigation of overlapping mazes. 
3.4.1 Hippocampal-striatal interactions 
3.4.1.1 First hall (cue period) 
Every maze began at a unique starting location, serving to cue which route was 
to be followed. Despite identical navigational response demands between the 
conditions in the first hall period, our connectivity results demonstrate that the 
hippocampus had significantly greater functional connectivity with the caudate 
and an anterior portion of the putamen in the overlapping than the non-
overlapping condition. In the post scan interview, participants reported identifying 
the mazes by these first halls as well as "thinking ahead" to the future critical hall 
decisions in the overlapping condition. Successful planning of the critical hall 
decisions in first halls would require retrieval of the specific critical hall associated 
with the current route so that behavior can be planned within the possible 
response contingencies of that location. 
In the present study, the hippocampus could support retrieval of critical 
hall locations from the starting hallway. The hippocampus is critical for the 
formation and retrieval of higher-order, item-context and sequential associations 
(Eichenbaum et al., 2007; Fortin et al., 2002; Kirwan & Stark, 2004; Lehn et al., 
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2009; Ranganath et al., 2003; Ross et al., 2009; Schendan et al., 2003; 
Staresina & Davachi, 2009). The ability of the hippocampus to "look ahead" or 
bind locations together is exemplified by sequential firing of ensembles of place 
cells along trajectories from an animal's location (Davidson et al., 2009; Diba & 
Buzsaki, 2007; Johnson & Redish, 2007). The hippocampus has also been 
shown to be recruited during initial planning of navigational routes through 
familiar environments in humans (Spiers & Maguire, 2006). 
The evaluation of predicted future states and the ability to translate 
decisions into behavior are critical to the decision-making process, and these 
functions may lie in prefrontal and striatal circuitry (Johnson et al., 2007). The 
caudate nucleus has received extensive attention in the literature as a cognitive 
region of the striatum. The caudate has been shown to support reasoning 
(Melrose et al., 2007), the planning of novel behavioral sequences (Jankowski et 
al., 2009), and cognitive shifts in response strategy due to changes in task rules 
(Graham et al., 2009; Monchi et al., 2001; Monchi et al., 2006). In rodents, the 
hippocampus and caudate-putamen exhibit strong oscillatory synchrony during 
the cue and immediately subsequent decision on a cued spatial alternation T-
maze task (DeCoteau et al., 2007). Our experiment separated in time the cue 
presentation (first hall period) from the contextually dependent behavior location 
(critical choice) by at least two intervening hallways and decision points. Our 
finding that the hippocampus and caudate show significant disambiguation-
related functional connectivity during the contextual cue (first hall period) 
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suggests a similar functional interaction occurs in humans, even when the 
contextually dependent behavior location is not immediately present. Our findings 
correspond with participant reports of "looking forward" to the critical hall decision 
during the first hall period, and support the prediction that the hippocampus and 
striatum cooperate when planning navigation of the overlapping routes. 
3.4.1.2 Critical hall (overlapping choice point) 
In our experiment, the critical halls of the overlapping condition differed from the 
first halls in that there were two equally rewarded highly familiar navigational 
response alternatives associated with each critical hall. There was no visual 
information within the overlapping critical halls to indicate the correct behavior for 
a given trial, therefore the context under which participants were navigating was 
needed to guide the appropriate navigational response. Our results demonstrate 
significantly increased hippocampal functional connectivity with the caudate in 
the critical hall period of well-learned overlapping mazes. Consistent with our 
results, DeCoteau et al. (2007) show evidence in rodents for elevated oscillatory 
synchrony between the hippocampus and caudate-putamen at the overlapping 
decision point on a T-maze task. Selection of the contextually appropriate 
behavior, along with inhibition of the incorrect behavior, may be particularly 
important for navigation of overlapping critical halls, where visual input can cue 
both alternative trajectories. The basal ganglia are an inhibitory center of the 
brain, and may select behaviors through the disinhibition of the desired action 
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coupled with inhibition of competing alternatives (Mink, 1996). As part of its role 
in flexible behavior shifts (Graham et al., 2009; Monchi et al., 2001; Monchi et al., 
2006), the caudate is involved in response suppression (Boehler et al., 201 0; Li 
et al., 2008). Cooperation between the hippocampus and caudate in the critical 
halls could enable planning and selection of the response associated with the 
current context and the suppression of the incorrect alternative. 
3.4.2 Prefrontal interactions 
There are no known direct anatomical connections linking the hippocampus and 
caudate in humans. However, the hippocampus and caudate are anatomically 
linked through other structures which may support interactions between the 
episodic memory and behavioral control systems. The prefrontal cortex has been 
suggested as a pathway by which the hippocampus and caudate interact 
(Burianova et al., 2009; Graham et al., 2009). Anatomically, the orbitofrontal 
cortex (OFC) is ideally situated for overseeing memory-directed flexible behavior. 
The OFC receives direct anatomical projections from the hippocampus (Barbas & 
Blatt, 1995; Cavada et al., 2000; Roberts et al., 2007), and sends projections to 
the entorhinal cortex, the gateway of information into the hippocampus (Cavada 
et al., 2000; Rempel-Clower & Barbas, 2000; Roberts et al., 2007). Therefore, 
the OFC can both receive and influence information processed in the 
hippocampus. Similarly, the OFC sends direct projections to the caudate nucleus 
(Cavada et al., 2000; Haber et al., 2006; Roberts et al., 2007) and, by virtue of 
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cortico-striatal loops, the striatum can influence processing within the 
orbitofrontal cortex (Alexander et al., 1986; Middleton & Strick, 2002). Among 
prefrontal structures, the OFC is a unique site of convergence for sensory and 
reward information, receiving input from every sensory modality (Barbas, 2000) 
and sharing strong connections with the amygdala and the nucleus accumbens 
(Cavada et al., 2000; Thierry et al., 2000; Roberts et al., 2007). This distinct 
pattern of anatomical connections supports the functional role of the OFC in 
processing contextual information, flexible behavior, guiding response selection, 
and the resolution of interference (Arana et al., 2003; Caplan et al., 2007; Elliott 
et al., 2000; Frey & Petrides, 2002; Kravitz & Peoples, 2008; LoPresti et al., 
2008; Murray & Izquierdo, 2007; O'Doherty et al., 2003; Schon et al., 2008; 
Young & Shapiro, 2011 ). 
In the present study, we provide evidence that both the hippocampus and 
the caudate interact cooperatively with the orbitofrontal cortex in humans. 
Importantly, the hippocampus and medial caudate increase their engagement 
with a shared region of the OFC specifically during the critical hall component of 
our task, when contextual information is necessary for evaluating which alternate 
behavior will be correct on a given trial. Our findings provide a functional 
correlate of known anatomical connections between the hippocampus, caudate, 
and the OFC and support the hypothesis that the orbitofrontal cortex may serve 
as a common link between the hippocampus and caudate which facilitates goal-
directed behavior. Interestingly, the hippocampus does have other anatomical 
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paths through which it can interact with the striatum. Specifically, the 
hippocampus sends projections to the ventral striatum (Thierry et al., 2000) and 
the orbitofrontal cortex projects strongly to ventral striatal areas (Haber et al., 
2006; Roberts et al., 2007). The hippocampus also projects to the medial 
prefrontal cortex, which in turn projects to the striatum (Roberts et al., 2007; 
Thierry et al., 2000). It is critical to note that fMRI functional connectivity results 
cannot be attributed to specific anatomical pathways. Anatomical pathways 
through the ventral striatum and medial prefrontal cortex may facilitate cross-talk 
between the hippocampus and medial caudate in our experiment alongside direct 
projections from the orbitofrontal cortex to the medial caudate. However, because 
our data demonstrate increased hippocampal and caudate functional connectivity 
with the same region of the OFC during correct critical hall trials, but no such 
effects in the ventral striatum or medial prefrontal cortex, our results support a 
particularly important role for orbitofrontal cortex interactions in context-
dependent navigation. 
Another key finding in the present study was a common increase in 
functional connectivity for the hippocampus and caudate with an anterior portion 
of the middle frontal gyrus in the critical hall period for the overlapping condition. 
Anatomically, the lateral prefrontal cortex is connected with the caudate nucleus, 
but unlike the OFC, has very limited, if any, anatomical connectivity with the 
hippocampus proper (Barbas & Blatt, 1995; Haber et al., 2006; Roberts et al., 
2007). However, lateral prefrontal areas do share connections with other medial 
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temporal lobe subregions including the presubiculum, parasubiculum, entorhinal 
cortex, and perirhinal cortex (Barbas & Blatt, 1995; Roberts et al., 2007). There 
are also anatomical connections between the OFC and lateral prefrontal cortex 
(Cavada et al., 2000). Therefore, functional connectivity between the 
hippocampus and anterior middle frontal gyrus may result from indirect 
anatomical connections via other medial temporal lobe structures and the OFC, 
similar to the hippocampal-caudate connectivity we report. Rostral and dorsal 
lateral prefrontal areas have been associated with cognitive control and decision-
making, with more anterior lateral prefrontal areas functioning on a more abstract 
or integrative level (Badre, 2008; Kuo et al., 2009; Ramnani & Owen, 2004). 
Lateral prefrontal areas are recruited during the receipt of ambiguous 
navigational information (Janzen & Jansen, 201 0), and lateral frontopolar cortex 
supports cognitive set switching (Kim et al., 2011 ). Therefore, the anterior middle 
frontal gyrus may relate to the hippocampus and caudate more for the planning 
and cognitive control demands of the current task, while the OFC could more 
specifically support the contextually-based evaluation of the trial-by-trial changes 
in reward contingencies (Rudebeck & Murray, 2008; Tsuchida et al., 201 0; 
Walton et al., 201 0). 
Measures of functional connectivity such as the beta series correlation 
analysis cannot indicate the direction in which information travels between brain 
regions. As described above, the anatomical connections linking the 
hippocampus and caudate with the orbitofrontal cortex are reciprocal. The 
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existence of bidirectional connections between the OFC and the medial temporal 
lobes as well as reciprocal cortico-striatal loops suggests a complex interplay 
between these systems in support of flexible behavior. For example, the 
orbitofrontal cortex could integrate contextual input from the hippocampus while 
directing hippocampal place representations along the correct trajectory, as 
suggested by Young and Shapiro (2011 ). We suggest the present study could 
guide future research in animals, where simultaneous recording of neuronal 
activity within the hippocampus, caudate, and the prefrontal cortices could 
evaluate the temporal dynamics of the functional relationships demonstrated by 
the current fMRI results. 
3.4.3 Relationship to other navigation studies 
In navigation research, the hippocampus and caudate are often viewed as 
components of competing systems, with the hippocampus associated with the 
use of spatial information during navigation, while the caudate has been shown 
to support response-based navigation using local cues (Bohbot et al., 2007; 
Hartley et al., 2003; !aria et al., 2003; !aria et al., 2008; Packard & McGaugh, 
1996). We propose that the results of the present study are not in conflict with the 
"spatial" versus "response-based" experimental dichotomy, but rather extend our 
understanding of route navigation to the traversal of specific, cue-rich, well-
learned routes which must nevertheless be guided by contextual information due 
to their overlapping nature. We build on prior evidence of a positive correlation 
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between the hippocampus and caudate during traversal of navigational routes 
(Voermans et al., 2004) by demonstrating a dynamic increase in the cooperation 
between these two structures in supporting flexible, contextually-dependent 
response shifts in the overlapping mazes. 
3.5 Conclusions 
The navigation of highly familiar routes in the real world often requires the use of 
contextual information to disambiguate the intended path from others with which 
it overlaps. We demonstrate that successful disambiguation of well-learned 
overlapping routes involves a cooperative interaction between the medial 
temporal lobe and striatal memory systems, congruent with the need for episodic 
information to guide the planning and execution of appropriate behavioral 
responses. The hippocampus and caudate both show disambiguation-related 
increases in connectivity with key prefrontal areas, particularly the orbitofrontal 
cortex, when there is a need to flexibly determine and execute a contextually 
appropriate response. These interactions are consistent with the proposed role of 
the prefrontal cortex as an anatomical and functional intermediary between the 
hippocampus and dorsal striatum. Our findings are critical to understanding 
flexible navigation in humans, demonstrating that successful disambiguation of 
overlapping trajectories involves a cooperative functional network comprised of 
the episodic memory system, frontal regions important for flexible decision-
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Virtual maze design. (a) Overhead layout of the 12 mazes used in the task. The 
overlapping mazes (OL) are depicted on the left and the non-overlapping mazes (NOL) 
are depicted on the right. Mazes began at the """ and end at the "X." The colored , 
elongated, segments represent the hallways of the paths. One color represents one 
path. The gray segments represent the incorrect "foil" hallways. The black squares 
represent intersections between hallways. The yellow segments in the overlapping 
mazes represent overlapping hallways. The fi nal ha llway of an overlapping segment 
before the paths split apart (indicated with "*") was labeled the "critical hall." (b) 
Perspective of NOL5 during the turn into the fourth hall. This image is representative of 
how participants viewed the mazes. (c) Connectivity seed regions. The hippocampal 
head, body, and tai l are indicated by red , green, and purple dots, respectively . 
Depictions of hippocampal seed locations are approximate, due to curvatu re of the 
structure. The seed regions in the medial caudate nucleus are shown in light blue. 
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1 sthall Critical hall 
Scanning day behavioral performance. Error bars 
reflect the standard error (s.e.m.). The overlapping 
(OL) condition is represented in dark gray, the non-
overlapping (NOL) condition is represented in light 
gray. (a) Proportion of correct trials for the 1st hall 
and Critical hall periods. {b) Reaction times (RT) in 
milliseconds for the 1st hall and Critical hall periods. 
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1st hall Critical hall 
a Seed: Left hippocampal head b Seed: Right hippocampal body 
Seed: Right hippocampal body 
Seed: Left hippocampal body 
Seed: Left hippocampal tail 
Figure 3.3 
Changes in connectivity between hippocampal subregions and the striatum during 1st hall 
and Critical hall periods for the overlapping compared to the non-overlapping condition (Ol 
> NOL). The images are thresholded top < 0.01 , corrected for multiple comparisons with a 
voxel extent of 140. The specific seed region is labeled above each connectivity map. The 
1st hall period (a) had greater functional connectivity between the hippocampus and the 
caudate head and body (blue arrows}, and the hippocampus and the putamen (green 
arrows) . The Critical hall period (b) had greater functional connectivity between the 
hippocampus and the caudate head and body (blue arrows). 
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a Seed: Left hippocampal tail b Seed: Right caudate 
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Seed: Left hippocampal body 
Figure 3.4 
Changes in connectivity for the hippocampus and caudate with the orbitofrontal cortex 
during the Critical hall period for the overlapping compared to the non-overlapping condition 
(Ol > NOL). The images are thresholded to p < 0.01 , corrected for multiple comparisons 
with a voxel extent of 140. The specific seed region is labeled above each connectivity map. 
The left hippocampus (a) and right caudate (b) had significantly greater connectivity with 
the orbitofrontal cortex. 
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a Seed: Left hippocampal body b Seed: Left caudate 
Seed: Right hippocampal tail Seed: Right caudate 
Figure 3.5 
Changes in connectivity for hippocampus and caudate with the lateral prefrontal cortex 
during the Critical hall period for the overlapping compared to the non-overlapping 
condition (OL > NOL). The images are thresholded to p < 0.01 , corrected for multiple 
comparisons with a voxel extent of 140. The specific seed region is labeled above each 
connectivity map. The hippocampus (a) and caudate (b) had significantly greater 




3. 7 Chapter 3 tables 
Table 3.1. Correlations for hippocampal seeds (columns) with the orbitofrontal cortex (OFC) and the 
caudate nucleus (Cd} 
Left hippocampus Right hippocampus 
Tail Body Head Tail Body Head 
Left 
OFC 1" hall NOL 0.27 (0.04) 0.27 (0.03) - 0.29 (0.03) 0.24 (0.03) 0.19 (0.05) 
161 hal! OL 0.21 (0.03) 0.30 (0.03) - 0.25 (0.03) 0.24 (0.05) 
-
Grit hall NOL - 0.23 (0.04) - 0.22 (0.05) 0.18 (0.04) 
-
Grit hall OL 0.24 (0.04) 0.26 (0.04) 
-
0.25 (0.0:3)_ 0.23 (0.05) 
-
Right 
161 haJJ OFC NOL 0.25 (0.03) 0.29 (0.03) 
-
0.25 (0.03) 0.22 (0.03) -
161 hall OL 0.25 (0.03) 0.30 (0.03) - 0.28 (0.03) 0.23 (0.04) -
Grit hall NOL 0.18 (0.04) 0.22 (0.04) - 0.20 (0.05) 0.19 (0.05) -
Grit hall OL 0.27 (0.03) 0.23 (0.03\ - 0.26 (0.0:3) 0.22 (0.05) 0.14 (0.03) 
Left hippocampus Right hippocampus 
Tail Body Head Tail Body Head 
Left Cd 1" hall NOL 0.36 (0.05) 0.33 (0.04) 0.26 (0.06) 0.35 (0.05) 0.26 (0.04) 0.22 (0.05) 
1"1 hall OL 0.40 (0.04) 0.34 (0.03) 0.27 (0.03) 0.39 (0.04) 0.30 (0.04) 0.27 (0.03) 
Grit hall NOL 0.32 (0.06) 0.26 (0.03) 0.23 (0.04) 0.33 (0.04) 0.19 (0.04) 0.19 (0.05) 
Grit hall OL 0.33 (0.04) 0.30 (0.04) 0.18 (0.04) 0.35 (0.05) 0.25 (0.05) 
-
Right 
Cd 1" hall NOL 0.35 (0.05) 0.35 (0.04) 0.27 (0.05) 0.36 (0.05) 0.30 (0.03) 0.25 (0.05) 
1"1 hall OL 0.40 (O.o4) 0.37 (0.04) 0.30 (0.03) 0.43 (0.04) 0.33 (0.04) 0.28 (0.03) 
Crithall NOL 0.32 (0.06) 0.28 (0.03) 0.25 (0.04) 0.34 (0.04) 0.21 (0.03) 0.21 (0.05) 
Grit hall OL 0.34 (0.05) 0.33 (0.05) 0.19 (0.04)_ 0.40 (0.0!5) 0.27_(0.04) -
All correlations shown are stgnaficantly greater than 0, corrected for multiple compansons top< 0.05 
significance with Holm's sequential Bonferroni correction. Correlations are separated by rows into the hallway 
(1st hall or Critical hall} and condition (NOL- non-overlapping, or OL- overlapping). Each cell contains the 
average correlation followed by the standard error (s.e.m.) in parentheses. 
Table 3.2. Correlations between caudate seeds (columns) and the orbitofrontal cortex (OFC). 
Left Caudate Right Caudate 
Left OFC 1st hall NOL 0.33 (0.03) 0.33 (0.02) 
1" hall OL 0.32 (0.03) 0.30 (0.02) 
Crit hal! NOL 0.35 (0.03) 0.32 (0.03) 
Grit hall OL 0.34 (0.03) 0.30 (0.03) 
Right OFC 1st hal! NOL 0.25 (0.04) 0.29 (0.04) 
1" hall OL 0.30 (0.05) 0.27 (0.04) 
Grit hall NOL 0.33 (0.04) 0.30 (O.o4) 
Grit hall OL 0.32 (0.05) 0.30 (0.04) 
AI! correlations shown are significantly greater than 0, corrected for multiple comparisons top< 0.05 
significance with Holm's sequential Bonferroni correction. Correlations are separated by rows into the 
hallway (1st hall or Critical hall) and condition (NOL- non-overlapping, or OL- overlapping). Each cell 
contains the average correlation followed by the standard error (s.e.m.) in parentheses. 
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Table 3.3. Significant differences in functional connectivity 
for the overlapping> non-overlapping contrast in the First hall period 
Left Right 
Seed reQion Connected area It-value) IMNI x,v,zl (t-value) (MNI x,y,z) 
Supplementary motor cortex 
Right hippocampal tail (bilateral) 4.18 -8, 14, 60 3.68 8, 12, 60 
Superior temporal sulcus 
(bilateral) 3.74 -52, -40, 0 
- -
Insula body (bilateral) 5.01 -42, 8, 2 3.98 40, 6, -2 
Left hippocampal body Middle temporal gyrus (left) 6.61 -56, -66, 2 
- -
Inferior temporal ovrus (left\ 3.94 -52,-60,-10 
- -
Right hippocampal body Caudate head (bilateral) 2.86 -12, 22,-6 3.25 16, 22,-8 
Putamen (bilateral) 3.09 -20, 18, -6 3.70 22, 20, -8 
Posterior inferior frontal gyrus 
(right) - - 3.76 50,30,0 
Supplementary motor cortex 
(bilateral) 4.03 -4, 10, 42 5.08 4, 6,48 
Anterior insula (bilateral) 5.40 -32,30,-4 5.14 36, 28, -4 
Posterior cingulate sulcus 
(bilateral) 4.24 -10, -38, 54 4.01 10, -38, 50 
Middle temporal gyrus (left) 6.24 -54, -66, 2 
- -
Supramarginal gyrus (bilateral) 5.69 -60, -28, 24 6.53 60, -30, 30 
Intraparietal sulcus (right) - - 5.01 40, -42, 50 
Lateral occiptal gyrus (left) 6.68 -44, -62,-12 
-
-
Left hippocampal head Caudate body (right) - - 3.95 18, 8, 20 
Middle temporal gyrus (right) 
-
- 5.83 56, -66, 0 
Right hippocampal head Middle temporal gyrus (left) 5.10 -54, -64, 6 - -
Supramarqinal ovrus (riqht) - - 4.34 64, -26 34 
Left caudate Inferior frontal sulcus (bilateral) 4.18 -38, 32, 20 3.53 32,36,16 
Precentral gyrus (left) 4.44 -42, -6, 34 - -
Middle temporal gyrus (left) 3.70 -54, -70, 4 -
-
Supramarqinal qyrus (left) 4.52 -60, -30, 36 -
-
Right caudate Inferior frontal sulcus (bilateral) 4.58 -34, 32, 20 3.92 32,40,18 
Middle temporal gyrus (bilateral) 4.88 -52, -70, 2 4.06 56, -64, -2 
Retrosplenial cortex (right) 
- -
3.22 20, -56, 12 
Po::>L-central gyrus (bilateral) 4.86 -56,-12, 32 4.85 62, -10, 34 
Calcarine fissure (left) 4.14 -10,-66, 10 - -
Lingual gyrus (left) 4.28 -10,-60,-2 - -
Lateral occiPital ovrus lriaht\ - - 5.70 48, -68,-14 
M Nl coordinates reflect cluster-center voxels. t-val ues reflect a statistical threshold of p < 0.01. 
Functionally connected areas survived cluster-threshold correction for multiple comparisons top< 0.01 with 
a minimum cluster size of 140 voxels 
98 
Table 3.4. Significant differences in functional connectivity 
for the overlapping> non-overlapping contrast in the Critical hall period 
Left Right 
Seed region Connected area (t-valu~ _(MNI x,y,z) (!-value) (MNI x,v,z) 
Left hippocampal tail Caudate body (left) 2.87 -16, 16, 16 -
-
Orbitofrontal cortex (right) 
-
- 3.87 28, 38, -6 
Anterior inferior frontal gyrus (right) -
- 4.08 36,46, 0 
Anterior insula (right) -
- 4.99 38, 16,-2 
Cuneus (right) -
- 3.35 14,-68, 18 
Cerebellum (left) 3.53 -10,-72,-20 
- -
Right hippocampal tail Anterior middle frontal gyrus (right) 
-
- 5.02 30,52,8 
Cingulate sulcus (bilateral) 5.57 -14, -24, 48 4.42 18, -24, 46 
Cerebellum (ri~ht) - - 4.74 22, -44, -30 
Left hippocampal body Caudate head (right) 
-
- 3.72 12, 24, -2 
Orbitofrontal cortex (right) - - 2,6g 28, 38,-6 
Anterior middle frontaLgyrus (right) 
- - 2.95 34,46,18 
Right hippocampal body Caudate head (right) 
- - 3.34 12,24, 0 
Caudate body (right) 
-
- 3.36 18,4,24 
Anterior inferior frontal gyrus (right) - - 4.65 34, 50, -2 
Anterior middle frontal gyrus (right) 
- -
5.94 34,56,24 
Premotor cortex (bilateral) 4.95 -20, 6, 66 5.51 18,8, 64 
Supplementary motor cortex 
(bilateral) 5.17 -2, 6, 56 4.84 4,10,46 
Pre-central sulcus (bilateral) 4.74 -30, -6, 66 4.05 34, -6, 62 
Anterior insula (right) -
- 3.67 44, 8, -8 
Intraparietal sulcus (left) 5.61 -26, -50, 50 
- -
Cerebellum (bilateral) 4.61 -44, -58, -36 4.10 44, -66, -30 
Left hippocampal head Hippocampal body (left) 3.36 -36,-24,-14 
-
-
Hippocampal tail (left) 2.89 -28, -38, 0 
- -
Right hippocampal head Suoramarainal avrus (left) 3.77 -62, -42, 34 
-
-
Left caudate Anterior middle frontal gyrus (right) 
-
- 3.56 26,44,6 
Posterior cingulate (bilateral) 4.85 -4,-32, 32 3.58 4, -34, 28 
Anterior insula (bilateral) 3.57 -32,18,10 3.48 38, 16, 4 
Parieto-occipital sulcus (bilateral) 4.50 -12, -66, 28 4.16 16, -66, 28 
Cuneus (right) 
- -
3,90 4, -84, 28 
Right caudate Orbitofrontal cortex (right) 
- - 3.77 26, 42,-6 
Anterior middle frontal gyrus (right) - - 4.04 30,48,8 
Anterior insula (bilateral) 3.24 -32, 18, 0 4.31 38, 20,-2 
Intraparietal sulcus (right) 
- -
4.60 32, -52, 38 
Parieto-occipital sulcus (bilateral) 3,96 -14,-64, 26 4.02 14, -66, 30 
Cuneus (right) 
-
- 3,36 4, -82, 26 
Thalamus (bilateral) 4.62 -4, -6, 8 3.47 6,-14,14 
MNI coordinates reflect cluster-center voxels. t-values reflect a statistical threshold of p < 0.01. 
Functionally connected areas survived cluster-threshold correction for multiple comparisons top< 0.01 with 
a minimum cluster size of 140 voxels 
Table 3.5. Significant differences between hippocampal subregions in their connectivity with 
the caudate nucleus (Cd) and orbitofrontal cortex (OFC). 
Left Hippocampal Seeds Right Hippocampal Seeds 
Cd OFC Cd OFC 
Contrast Condition Hall Left Riqht Left Riaht Left Riaht Left 
1" + NOL 
Grit + Tai!>Body 
1'' + + + OL 
Grit + 
1" + + + + + + NOL 
Crit + + + + Body>Head 
1" + + + + + + OL 
Grit + + + + + + + 
1'' + + + + + NOL 
Crit + + + Taii>Head 
1" + + + + + OL 
Grit + + + + + + + 
Columns under the hippocampal seed headings indicate significant connectivity differences 
between hippocampal subregions with the left and right Cd and OFC. Significant 
connectivity differences between hippocampal regions are denoted with a"+". Connectivity 
differences were significant at a statistical threshold of p< 0.01, surviving a cluster-threshold 











CHAPTER 4: Medial temporal lobe and striatal memory systems 
support learning and updating overlapping spatial memories 
1 01 
4.1 Introduction 
Episodic memories are comprised of distinct events in time and space, yet our 
memories often share information with other experiences. We draw upon 
memories to guide our decisions and actions, but overlap between 
representations is a source of interference which can lead to errors in memory-
guided behavior. The brain must be able to represent these overlapping 
memories in a manner which allows subsequent retrieval of distinct 
representations, and researchers have focused on the medial temporal lobes as 
critical to this function. The parahippocampal cortex may represent contextual 
information (Bar & Aminoff, 2003; Brown et al., 201 0; Davachi, 2006; 
Eichenbaum et al. 2007) which the hippocampus could use to retrieve specific 
episodes despite interference from overlapping memories (Agster et al., 2002; 
Brown et al., 201 0; Hasselmo & Eichenbaum, 2005; Zilli & Hasselmo, 2008a). 
Selecting situationally-appropriate behaviors based on overlapping 
experiences may rely not only on the medial temporal lobes but on components 
of the complementary striatal memory system (Foster & Knierim, 2011 ). In 
particular, the medial caudate is thought to support translation of mnemonic 
information into goal-directed action (Brown et al. 2012; Devan & White, 1999; 
Johnson et al., 2007). The caudate rapidly learns changes in behavioral 
contingencies in primates (Pasupathy & Miller, 2005), and the medial dorsal 
striatum is important for acquiring alternative behaviors in maze environments in 
rodents (DeCoteau et al., 2007; Ragozzino et al., 2002; Thorn et al., 201 0). In 
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humans, the caudate has been implicated in shifts in response strategy and 
stimulus-outcome associations due to changes in task rules (Graham et al., 
2009; Monchi et al., 2001; Monchi et al., 2006; Xue et al., 2008). The medial 
caudate may therefore be critical for the learning and flexible expression of 
context-dependent spatial behaviors in humans by representing and updating 
alternative behavioral programs in different situations. 
Despite considerable theoretical interest in the neural representation of 
overlapping memories, fundamental questions remain about the contributions of 
the hippocampus and caudate in humans to overlapping spatial representations. 
In the real world, overlapping navigational routes are typically learned separately 
from one another, often with a considerable temporal delay between 
experiences. Prior research suggests the hippocampal dependence of distinct 
well-learned routes is limited (Hartley et al., 2003). It is not known whether such 
stable representations of distinct routes are updated to recruit the hippocampus 
and medial caudate more strongly following subsequent introduction of 
overlapping associations. Similarly, while hippocampal activity has been 
previously shown to correlate with the learning rate of non-spatial overlapping 
sequences (Kumaran & Maguire, 2006), and reduces forgetting of item 
associations from interference (Kuhl et al., 201 0), whether the hippocampus and 
medial caudate are more strongly recruited for learning overlapping spatial 
memories than distinct spatial representations has not been demonstrated. 
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The present fMRI experiment was designed to examine how recruitment 
of the medial temporal lobes and medial caudate for retrieval of well-learned 
spatial memories changes with the introduction overlapping representations, and 
whether these areas are preferentially active for learning navigational routes 
which overlap with familiar memories. Participants learned a series of virtual 
mazes outside of the scanner. Twenty-four hours later, participants navigated the 
familiar routes during fMRI scanning, while also learning a series of novel virtual 
mazes. Critically some of the novel routes shared locations with mazes already 
well-learned from training the previous day. Using a region-of interest analysis 
approach, fMRI signal for overlapping mazes was compared with that of closely-
matched non-overlapping mazes during different stages of the task. We 
hypothesized that the parahippocampal cortex would be recruited for novel 
spatial contextual information used to distinguish the overlapping mazes. We 
predicted that recruitment of both the posterior hippocampus and medial caudate 
would increase across trials for previously learned navigational decisions, 
reflecting the fact that they have become context-dependent with the introduction 
of competing associations frorn alternative routes. We further predicted that the 
posterior hippocampus would be preferentially recruited for learning novel 
overlapping mazes to facilitate disambiguation of the representations, and that 
the medial caudate would be particularly important for acquiring novel 
alternatives to previously learned behaviors, consistent with its role in reversal-
learning tasks. 
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4.2 Materials & Methods 
4.2.1 Participant pool 
Twenty-one participants were recruited for the experiment. Two participants were 
excluded due to excessive head motion. Three participants were excluded due to 
technical issues with the MRI scanner. A total of 16 participants were included in 
the final analysis (7 males and 9 females, 3 left handed and 13 right handed). 
The mean participant age was 20 years old (Std Dev 2.7 years). 
4.2.2 Virtual navigation design 
Twenty virtual mazes (see Fig. 4.1) were constructed using POV-Ray Version 
3.6.2 (http://www.povray.org/), a 30 ray-tracer modeling program. Mazes were 
described to participants as being different routes in a large outdoor labyrinth, 
similar to different routes among a city. Participants navigated the virtual routes 
from a ground-level first-person perspective and behavioral performance 
(accuracy and reaction time) was recorded using E-Prime 2.0 (Psychology 
Software Tools, Inc., Pittsburgh, PA). Every maze was comprised of three 
hallways and three intersections. Each intersection contained unique, clearly 
identifiable objects which served as distinguishing features between the 
locations. 
The twenty mazes were divided into two groups. Ten of the mazes were 
"non-overlapping", and did not share any hallways or intersections with each 
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other and were therefore completely distinct. The other ten mazes were 
"overlapping" mazes. The overlapping mazes were split into five pairs which each 
began and ended at distinct, non-overlapping locations, but converged in the 
middle to share the second hallway with another maze. 
Participants began navigation of each maze with a two second "Cue 
period", during which participants viewed the starting intersection of the maze 
without moving. During the Cue period, wooden barriers blocked visibility down 
the hallways off the intersection so that the only visual information available to 
participants was the unique landmark of the starting location. Following the cue, 
the wooden barriers fell away and participants could make their initial 
navigational response. At each intersection, participants responded with a button 
press of 1 to turn left, 2 to go straight ahead, and 3 to turn right. The correct 
choice was the next hall in the sequence of spatial locations comprising a maze. 
Navigational demands were matched between overlapping and non-overlapping 
mazes, with the number of left, right, and straight choices counterbalanced 
across the mazes and experimental conditions. 
Following a correct navigational choice, participants would turn down the 
next hallway and travel to the subsequent intersection. Turns were made in two 
simulated steps, with each step incorporating 45 degrees of rotation, such that 
the participant would come out of the turn centered and facing directly down the 
next hallway. Turns took one second. Movement down a hallway was simulated 
with a video of POV-Ray generated images. Each hallway took two seconds to 
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traverse. Following an incorrect navigational choice, participants received 
correctional feedback. 
The exact timing of behavioral responses and stimulus presentation was 
logged in E-Prime to allow accurate modeling of the task. The total duration of a 
maze varied with the response times at each intersection. Each maze was 
followed by an 8 second inter-trial interval (ITI) during which participants viewed 
a fixation point in the center of a black screen. 
4.2.3 Experiment protocol 
The experiment was broken into two phases: a pre-scan training session, 
followed the next day by the fMRI experiment. 
4.2.3.1 Pre-scan training 
The day before scanning, participants were guided through a sample pair of 
overlapping routes (different from those used in the actual task) by the 
experimenter to ensure participants understood the mechanics of the 
navigational task. Participants were then trained to a criterion of 100% correct on 
ten of the virtual routes they would navigate in the scanner. Participants initially 
learned each maze one at a time, repeatedly navigating a maze until they met a 
training criterion of four consecutive perfect trials. Once criterion was met on one 
maze, participants would learn the next maze. The order in which the ten mazes 
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were learned was randomized across participants. Following individual training 
on the mazes, participants were given five training runs in which all ten mazes 
were navigated once per run in a randomized order, similar to the fMRI task they 
would be given the following day. The final two training runs were required to be 
error free to ensure participants had mastered the ten mazes. Participants were 
instructed to attend the Cue period of every maze, as it identified which route 
they were to follow on a given trial. 
The ten "training day" mazes were learned as distinct routes which did not 
overlap with one-another. Critical to the experiment, five of these routes would 
become overlapping the following day during fMRI scanning when they came to 
share common hallways with novel alternative routes (see Fig. 4.1b). The 
remaining five mazes learned during training would remain non-overlapping 
during the scanning task. Participants were aware that five of the routes learned 
during training would become overlapping in the scanner, but did not know which 
of the training day mazes would become overlapping and which would remain 
non-overlapping. Participants were instructed during training to simply focus on 
mastering the ten distinct, currently non-overlapping, routes. Which Overlapping 
and Non-overlapping condition mazes were learned during training was 
randomized across subjects. 
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4.2.3.2 Feedback 
Participants learned to correctly navigate the virtual mazes by receiving visual 
feedback for navigational errors. After an incorrect navigational choice at an 
intersection, text reading 'Wrong!" in red letters was overlaid on the scene along 
with a green arrow indicating the correct direction for that decision point. 
Participants were then rotated in the correct direction and sent down the correct 
hall. To further control the timing of the task, participants were allowed a 
maximum of five seconds to respond at each intersection. In cases where 
participants did not respond within five seconds, they were given a visual prompt 
to respond and were provided with the same feedback arrows and correctional 
movement as with an incorrect response. "No responses" were treated as 
incorrect for both the training and scanning components of the study. Feedback 
was provided during all components of the study. 
4.2.3.3 fMRI Scanning Task 
Participants performed the fMRI scanning task approximately 24 hours and one 
sleep cycle after pre-scan training to facilitate consolidation of the mazes learned 
during training. On scanning day, prior to being placed in the scanner, 
participants were given an additional warm-up run through the ten familiar 
mazes. During the warm-up run, the ten mazes learned during pre-scan training 
were presented once each in a randomized order. Within the scanner, 
participants performed ten runs of the experiment. During each run, participants 
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navigated once through each of the ten mazes they had learned during training, 
as well as once through each of the ten novel mazes with which they had no prior 
experience. By attending the correctional feedback for errors, participants 
gradually learned the ten new mazes across runs. Mazes of the different 
experimental conditions were presented in an interleaved manner, with the order 
counterbalanced across runs, and the order of the runs randomized across 
participants. 
Because participants learned one route from each pair of overlapping 
mazes during training, if the well-learned route was navigated in the first run of 
the scanning task before participants had encountered its new overlapping 
counterpart, participants would still process the trained route as non-overlapping 
for that first trial. To control for this, we ensured that the new overlapping mazes 
occurred before their well-learned counterpart in the first run by switching their 
placement in the maze presentation order where necessary. 
In the non-!Jverlapping mazes, the intersections required the same 
navigational choices in every trial. In the overlapping mazes, the starting Cue 
intersections were also always associated with the same navigational choices, 
but the second and third intersections were overlapping locations between the 
mazes. The correct turn at the overlapping intersections differed depending on 
which route was being followed in a given trial, which was identified by the 
unique starting location of the maze. Participant reports along with behavioral 
measures (see Post-scan interview results) indicated that participants used 
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feedback from the second intersection to guide behavior at the third intersection 
in the overlapping mazes. We therefore refer to the second intersection in the 
mazes as the "Critical Decision" and the third intersection in the mazes as the 
"Secondary Overlapping Decision". We focus this report on the Cue and Critical 
Decision components of the environments. 
Importantly, construction of the overlapping intersections was no different 
from the non-overlapping intersections: each was a four-way intersection with 
one uniquely identifiable landmark object placed at the corners. Only knowledge 
of the routes distinguished the overlapping intersections as different from non-
overlapping intersections. Accuracy and reaction time was recorded for each 
navigational choice made. 
The twenty mazes were divided into four experimental conditions for 
behavioral and fMRI analysis (Fig. 4.1 b): 1) The five rnazes learned during pre-
scan training which became overlapping in the scanner comprised the 
Overlapping01d (0Lo1d) condition. 2) The five mazes learned during pre-scan 
training which remained non-overlapping in the scanner comprised the Non-
overlapping01d (NOLold) condition. 3) The five mazes learned within the scanner 
which overlapped with the Olold routes comprised the OverlappingNew (OLNew) 
condition. 4) The five non-overlapping rnazes learned within the scanner 
comprised the Non-overlappingNew (NOLNew) condition. There were 50 trials per 
experimental condition. 
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4.2.3.4 Post-scan interview 
After scanning, participants were interviewed about the experimental task. 
Participants were asked to elaborate on their use of the landmark objects in their 
navigational decisions, and their strategy for accurately navigating the Critical 
and Secondary Overlapping Decision periods. 
4.2.4 Image acquisition 
Images were acquired at the Athinoula A. Martinos Center for Biomedical 
Imaging of the Massachusetts General Hospital in Charlestown, MA using a 3 
Tesla Siemens MAGNETOM Trio Tim scanner with a Siemens 32-channel matrix 
head coil. High resolution T1-weighted multiplanar rapidly acquired gradient echo 
(MP-RAGE) structural scans were acquired using generalized autocalibrating 
partially parallel acquisitions (GRAPPA) (TR =2530 ms; TE = 3.31 ms; flip angle 
= 7; slices = 176; resolution = 1 mm isotropic). T2*-weighted BOLD images were 
acquired using an echo planar imaging (EPI) sequence (TR = 2000 ms; TE = 30 
ms; flip angle = 85; slices = 32, resolution = 3.0 x 3.0 x 4.0 mm). Functional 
image slices were aligned along the anterior/posterior commissure line. 
4.2.5 fMRI preprocessing 
Imaging analysis was conducted using SPM8 (Wellcome Department of 
Cognitive Neurology, London, UK). All BOLD images were reoriented so the 
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origin [i.e., coordinate xyz_(O 0 0)] was at the anterior commissure. Images were 
then slice-time corrected to the first slice acquired in time. Motion correction was 
conducted and included realigning the BOLD images to the first functional image 
acquired and unwarping the BOLD images to correct for movement-by-
susceptibility artifact interactions (Andersson et al., 2001 ). The high-resolution 
structural images were then coregistered with the mean BOLD image obtained 
during motion correction and segmented into white and gray matter images and 
bias-corrected. The bias-corrected structural images and coregistered BOLD 
images were spatially normalized into standard Montreal Neurological Institute 
(MNI) space using the Diffeomorphic Anatomical Registration using 
Exponentiated Lie algebra (DARTEL) algorithm (Ashburner, 2007) for improved 
inter-subject registration. BOLD images were resampled during normalization to 
2 mm3 isotropic voxels and spatially smoothed using a 6 mm full-width at half-
maximum Gaussian kernel. 
4.2.6 Statistical analysis of data 
Because of our strong a priori predictions for this task, the primary fMRI data 
analyses were conducted using a targeted region of interest (ROI) approach. 
Based on prior experiments in humans and animals, we examined activations for 
context-dependent Critical Decisions with specific ROis in the tail of the 
hippocampus and medial caudate, and activations in posterior parahippocampal 
cortex related to processing overlapping maze contextual cues. In order to 
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identify which other brain regions contribute to overlapping route navigation, we 
also conducted corresponding whole brain analyses of the fMRI data. 
To better characterize the function of our ROis and their relationship to 
learning, we analyzed the data in three ways: 
1) Averaged Overlapping vs Non-overlapping analysis- This analysis examined 
whether the hippocampal tail, medial caudate, and parahippocampal cortex had 
generally greater activation, collapsed across trials, for context-dependent 
overlapping maze navigation than non-overlapping maze navigation. 
2) Early vs Late Task phase analysis - This analysis examined whether 
disambiguation-related (overlapping > non-overlapping) activation differences in 
our hippocampal and medial caudate ROis for Critical Decisions changed from 
early learning to late trials of the experiment. 
3) Between-subjects activity-accuracy regression analysis- In order to determine 
whether good overlapping route navigators are characterized by greater 
recruitment of our hippocampal tail and medial caudate ROis, this regression 
analysis examined whether participants who performed better on Critical 
Decisions had stronger activations in our regions of interest than those who 
perform worse. 
We conducted a corresponding analysis of the behavioral data. The details of our 
behavioral and functional analyses are provided below. 
4.2. 6.1 Analysis of behavioral data 
Training day trials to criterion 
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Mazes of both the Overlappingold and Non-overlappingold conditions were 
learned as distinct, non-overlapping routes during pre-scan training, and 
participants were ignorant of which routes belonged to which condition. We 
compared the number of trials to reach training criterion between the two 
conditions to ensure there were no differences in their difficulty. We compared 
the number of trials to reach criterion by entering individual subject's data into a 
paired-sample t-test between the conditions. 
Averaged Overlapping vs Non-overlapping analysis - scanning day 
behavior 
To compare overall performance between experimental conditions of interest, we 
entered the accuracies and reaction times averaged across trials into 2x2 
repeated-measures general linear model (GLM) analyses examining effects of 
Training Status (Old vs New mazes) and Condition (Overlapping versus Non-
overlapping mazes). We examined effects of these factors for the starting 
intersections and the Critical Decisions separately. It is important to note that 
there was no behavioral performance for the two second Cue period itself. 
Significant Training Status by Condition interactions were examined with specific 
follow-up paired-sample t-tests comparing Overlappingold with Non-overlappingold 
mazes, and OverlappingNew with Non-overlappingNew mazes. This allowed us to 
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determine whether significant differences between the Overlapping and Non-
overlapping conditions were specific to well-learned or newly learned mazes. 
Early vs Late task phase analysis - scanning day behavior 
To examine how learning affects activity differences in our hippocampal and 
medial caudate ROis for Critical Decisions, we split the data into two bins: Early 
trials and Late trials (for similar approaches, see Shohamy & Wagner, 2008 and 
Ross et al., 2009). Using the behavioral data for the individual mazes, the Early 
phase was defined as the first three experimental runs, during which learning 
rates (improvement in accuracy from one run to the next) were the greatest for 
the OverlappingNew maze Critical Decision points and their Non-overlappingNew 
maze counterparts. During this period participants were making a comparable 
number of errors for the two conditions. The Late phase was comprised of the 
final three runs of the experiment, during which all participants were consistently 
performing at peak accuracy for the Critical Decision points of each condition. 
The trials from the middle four runs were not included in the Early vs Late 
analysis, because these runs encompassed a transitional period when some 
mazes were still being learned while others were not. 
To examine whether knowledge of the mazes improved comparably from 
the Early phase to the Late phase in the Overlapping and Non-overlapping 
mazes, average accuracies for the Early and Late bins were entered into a 
repeated-measures GLM analysis with Task Phase (Early vs Late) and Condition 
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(OL vs NOL) as factors. In order to directly compare the slopes between 
Overlapping and Non-overlapping mazes, we conducted this analysis separately 
for the Old and New mazes. An absence of a significant Task Phase by Condition 
interaction would indicate accuracy changed comparably for the Overlapping and 
Non-overlapping conditions from Early to Late trials. 
4.2.6.2 fMRI analyses 
Region of interest definition 
Prior examinations of overlapping representations in the brain strongly implicate 
the posterior extent of the hippocampus. Specifically, context-specific 
representations of overlapping locations lie in the dorsal hippocampus of rodents 
(Ferbinteanu & Shapiro, 2003; Lee et al., 2006; Smith & Mizumori, 2006; Wood 
et al., 2000), which corresponds to the tail of the human hippocampus. 
Furthermore, sequential replay of spatial trajectories occurs in the dorsal 
hippocampus of rodents (Davidson et al., 2009; Gupta et al., 201 0). Similarly, 
activations related to overlapping information processing localize predominantly 
to posterior regions of the hippocampus in prior human fMRI studies (Brown et 
al., 201 0; Kuhl et al., 201 0; Kumaran & Maguire, 2006; Ross et al., 2009). We 
therefore reasoned that that the posterior hippocampus may be particularly 
important for disambiguating overlapping representations. In particular, we 
hypothesized that the same region of the hippocampus which has been 
previously implicated in navigating familiar overlapping routes (Brown et al., 
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201 0) might be important for learning overlapping routes and update its response 
as familiar representations become context-dependent. Coordinates for our 
hippocampal tail, as well as medial caudate and parahippocampal cortex, regions 
of interest were therefore derived from the 2010 study by Brown and colleagues. 
The center coordinates for our left and right hippocampal tail RO/s were ± 18, -
34, -2. The center coordinates for our medial caudate nucleus ROis were ± 14, 4, 
14. The center coordinates for our parahippocampal cortex ROis were± 18, -40, 
-12. The region of interest volumes were created in two steps: we initially created 
spherical ROI volumes with a 5 mm radius centered on the coordinates listed 
above using the Wake Forest University (WFU) PickAtlas available for SPM 
(Maldjian et al., 2003; Maldjian et al., 2004). To minimize voxels residing in white 
matter, cerebrospinal fluid, and other brain areas from being included in data 
from our ROis, the spherical ROis were then masked by anatomical boundaries 
of the hippocampus, caudate, and parahippocampal cortex using an intersection 
between the spheres and AAL structural delineations in the WFU PickAtlas 
(Tzourio-Mazoyer et al., 2002). These anatomically constrained ROis were then 
saved as masks to be used for the region of interest analyses. 
As noted above, our targeted region of interest approach was paired with 
exploratory whole-brain analyses, to allow us to characterize which other brain 
regions (e.g. other components of the hippocampus and the prefrontal cortex) 
are important for learning and updating overlapping spatial memories. 
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Averaged Overlapping versus Non-overlapping model and analysis 
Twenty-eight separate regressors were created for each participant to model the 
fMRI data. Maze components were modeled based on their conceptually different 
cognitive processes. Separate regressors were created for the following five 
maze elements: the Cue period, Starting Intersection, Critical Decision period, 
Secondary Overlapping Decision period, and Final Hall. These five maze 
components were modeled separately for each condition and training state 
(OLoid, OLNew, NOLo!d, and NOLNew) for a total of 20 regressors. Non-overlapping 
"counterpart' regressors were assigned to the Critical Decision and Secondary 
Overlapping Decision periods because there were no actual overlapping 
hallways in the non-overlapping condition. 
The Cue period regressors represented the two second period in which 
participants viewed the distinct non-overlapping starting location of each maze 
without moving. The view of the other hallways was obstructed by wooden 
barriers during the Cue period. A separate starting intersection regressor 
modeled the time at the starting intersection following the Cue period and the 
disappearance of the wooden barriers until participants made their first 
navigational response. The Critical Decision and Secondary Overlapping 
Decision period regressors contained both the time to traverse each hallway (2 s) 
and time at the subsequent intersection preceding the navigational response. 
This ensured that parameter estimates computed for these regressors captured 
the navigational decision-making process underlying trials of both conditions .. The 
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Final Hall regressors modeled traversal of the last hallway of each maze. A 21st 
regressor was created to account for the inter-trial interval (ITI) period of the 
experiment. A 22nd regressor was created to account for variance attributable to 
maze elements and task events of non interest (specifically, incorrect trials and 
feedback periods). Finally, the six motion parameters calculated during motion 
correction were added to the model as additional covariates of no interest. 
Regressors from the task were constructed as a series of square wave functions 
or "boxcars." Boxcar onsets were defined by the onset of each event, with the 
duration of Critical Decision and Secondary Overlapping Decision period boxcars 
being determined by the reaction time of participants for that particular trial. 
These parameters were convolved with the canonical hemodynamic response 
function in SPMS. The design matrix was then analyzed using the general linear 
model approach. t-contrasts between the overlapping and non-overlapping 
conditions for the two task components of interest (Contextual Cue period and 
Critical Decision period) were constructed for each participant. Group-averaged 
statistical parametric maps (SPMs) were created by entering the Overlapping 
greater than Non-overlapping condition contrast images from each participant 
into a one-sample t-test using participant as a random factor. 
Region of interest analysis 
To test whether our a priori regions of interest were more strongly recruited on 
average for contextual Cue and Critical Decision periods of the overlapping 
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mazes than the non-overlapping mazes, t-contrasts between the conditions were 
conducted within the combined volume of our a priori ROis in SPM8. A voxelwise 
statistical threshold of p < 0.01 was applied to the contrast maps. To correct for 
multiple-comparisons, we applied a cluster-extent threshold technique. We used 
the AlphaSim program in the AFNI software package(http://afni.nimh.nih.gov/ 
afni/) to conduct a Monte Carlo simulation analysis on the combined voxels of our 
regions of interest. From a 10,000 simulation analysis, a minimum voxel extent of 
19 was determined to maintain a family-wise error rate of p < 0.01. 
Whole brain analysis 
Similar to the region of interest analysis, we applied a voxelwise statistical 
threshold of p < 0.01 to the group-level whole-brain contrast maps. We 
conducted a whole-brain Monte Carlo simulation analysis, masking out voxels 
beyond the group functional brain space using the ResMS header file. From a 
10,000 simulation analysis, a minimum voxel extent of 139 was determined to 
maintain a family-wise error rate of p < 0.01. 
Early vs Late task phase analysis 
To test whether differences in activity between the Overlapping and Non-
overlapping conditions in our hippocampal and medial caudate ROis change in 
relation to learning the OLNew Critical Decisions, we split the data into two bins: 
Early trials and Late trials. Early and Late bins were defined based on the 
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behavioral data, as described in the behavioral analysis section above. The Early 
phase contained fMRI data from the first three experimental runs, while the Late 
phase was comprised of the final three runs of the experiment. For this analysis, 
we modified the model used for the Averaged Overlapping vs Non-overlapping 
analysis, splitting the trials of the Critical Decision period into separate "task 
phase" regressors for Early and Late trial bins. For this analysis, Critical Decision 
error trials were included in the Early and Late regressors. Including error trials in 
the task phase regressors allowed for relationships to be drawn between the 
fMRI data and corresponding behavioral accuracies. 
Parameter estimates were extracted from our hippocampal and medial 
caudate ROis for both Early and Late trials of each condition and entered into a 
repeated-measures GLM analysis with Task Phase and Condition as factors. 
Using parameter estimate extractions allowed us to visualize how activations in 
our regions of interest change across task phases. In order to compare the 
slopes between overlapping and non-overlapping mazes, we conducted this 
analysis separately for the Old and New mazes. When significant main effects of 
Condition and Task Phase by Condition interactions were present, they were 
examined in detail with specific follow-up paired-sample t-tests between the 
Overlapping and Non-overlapping conditions for Early and Late trials. This 
allowed us to determine whether significant differences between the Overlapping 
and Non-overlapping conditions were specific to one task phase or both. 
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Whole brain analysis 
We also conducted a whole brain analysis of Early and Late task phase activity in 
SPM to evaluate which brain regions lying outside our specific regions of interest 
are recruited for overlapping mazes during different stages of the task. We 
entered contrast images from each subject comparing the Overlapping and Non-
overlapping conditions for Early and Late task phases into a group-level analysis, 
in the same manner as with the Averaged Overlapping versus Non-overlapping 
Analysis above. This allowed for separate evaluation of which areas are 
preferentially active for Overlapping mazes during each task phase. We applied a 
voxelwise statistical threshold of p < 0.01 to the group-level whole-brain contrast 
maps, with a minimum voxel extent of 139 to ensure a family-wise error rate of p 
< 0.01. 
Between-subjects activity-accuracy regression analysis 
We reasoned that if overlapping maze learning and decision-making is more 
demanding on the hippocampal tail and medial caudate, how strongly 
participants recruit our regions of interest might relate to how well they perform 
on the overlapping routes. To determine whether good overlapping maze 
navigators are characterized by their recruitment of our regions of interest, we 
entered the individual subject beta maps into a 2nd-level multiple regression 
analysis in SPM, using Critical Decision performance as a covariate. All 
participants were performing at ceiling in both the Overlapping and Non-
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overlapping conditions by the end of the experiment, but there was sufficient 
behavioral variability for this analysis during early learning (Early task phase) of 
the OLNew and NOLNew Critical Decisions. 
We asked two questions: 1) Using OLNew Critical Decision accuracy as a 
regressor with Olo1d activity, we tested whether participants who perform better 
on the newly encountered overlapping mazes recruit our ROis more strongly for 
the familiar Olo1d decisions. 2) Using OLNew Critical Decision accuracy as a 
regressor with OLNew activity, we tested whether participants who perform better 
on the newly encountered overlapping mazes recruit our ROis more for those 
same decisions. 
This analysis was conducted in SPM8 using our regions of interest as a 
search volume. Relationships between subject performance and activity were 
thresholded at p < 0.01 with a voxel extent of 19 to maintain a family-wise error 
rate of p < 0.01. 
4.3 Results 
4.3.1 Behavioral Results 
4.3.1.1 Training day trials to criterion 
Participants learned Overlappingold and Non-overlappingold mazes quickly during 
training, reaching criterion (4 consecutive perfect trials) in an average of 5.24 
trials for the Olold condition (SEM = 0.09) and 5.23 trials for the NOLold condition 
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(SEM = 0.11 ). There was no difference in the number of trials to criterion for the 
two conditions (t(15) = 0.082, p < 0.936), consistent with the fact that mazes of 
both conditions were learned as "non-overlapping routes" during training. 
4.3.1.2 Post-scan interview 
All participants reported using the landmark objects to identify and aid in 
navigating the virtual routes. Participants reported a predominantly prospective 
strategy at the overlapping decision points, associating the Critical Decisions with 
the Secondary Overlapping Decisions. Linking the two decision-points in memory 
allowed participants to use feedback for choices at the Critical Decision point to 
select the subsequent third intersection behavior. Consequently, the majority of 
"disambiguation errors" (erroneously selecting the alternative behavior for an 
overlapping intersection) occurred for the Critical Decision period rather than the 
Secondary Overlapping Decision period. We focus our report on the starting Cue 
period and the Critical Decision period of the mazes. 
4.3.1.3 Averaged Overlapping vs Non-overlapping analysis- scanning day 
behavior 
The results of the repeated-measures General Linear Model analysis revealed 
that average behavioral performance was closely-matched between conditions 
(summarized in Table 4.1 ). 
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Accuracies 
Participants navigated the starting intersections (immediately following the Cue 
period) of the Olotd mazes with 99.6% accuracy (SEM 0.3), the NOLotd mazes 
with 99.8% accuracy (SEM 0.2), the OLNew mazes with 84.6% accuracy (SEM 
1.6), and the NOLNew mazes with 86.8% accuracy (SEM 1.9). The GLM analysis 
revealed a significant main effect of Training Status (Old vs New) (F(1,15l = 112.8, 
p < 2.2 x 10"8), but no significant main effect of Condition (OL vs NOL) (F(1,15l = 
1.291, p < 0.274), and no significant Training Status by Condition interaction 
(F(1,1s) = 1.065, p < 0.318). These results indicate that average accuracy for the 
starting intersection did not differ between the Overlapping and Non-overlapping 
conditions, and this relationship did not differ for Old and New mazes. Average 
accuracy differed based on Training Status because the New mazes were 
learned across trials within the scanner. 
Participants navigated the Critical Decision periods of the Olotd mazes 
with 96.8% accuracy (SEM 1.5), the NOLotd mazes with 99.6% accuracy (SEM 
0.3), the OLNew mazes with 82.9% accuracy (SEM 2.3), and the NOLNew mazes 
with 86.4% accuracy (SEM 1.6). The GLM analysis revealed a significant main 
effect of Training Status (F(1,1s) = 1 07.4, p < 3.1 x 1 o-8), but no significant main 
effect of Condition (F(1,15) = 3. 72, p < 0.073), and no significant Training Status by 
Condition interaction (F(1,15) = 0.06, p < 0.81 0). These results indicate that 
average accuracy for the Critical Decisions did not differ significantly between the 
Overlapping and Non-overlapping conditions, and this relationship did not differ 
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for Old and New mazes. Average accuracy did differ based on training status, 
because the New mazes were learned across trials within the scanner. 
Reaction times 
Starting intersection reaction times were 568.93 ms (SEM 30.82) for the OLorct 
mazes, 569.17 ms (SEM 39.02) for the NOLorct mazes, 896.93 ms (SEM 49.81) 
for the OLNew mazes, and 779.54 ms (SEM 42.18) for the NOLNew mazes. The 
GLM analysis revealed a significant main effect of Training Status (Fc1,15l = 
75.216, p < 3.1 x 1 0"7), as well as a significant main effect of Condition (Fc1,15) = 
9.624, p < 0.007), with a significant Training Status by Condition interaction 
(Fc1,1;;l = 9.06, p < 0.009). Follow-up paired-sample t-tests revealed that the rnain 
effect of condition and Training Status by Condition interaction were driven by the 
New mazes, with OLNew starting intersection reaction times being slower than 
NOLNew reaction times Ctc1s) = 3.631, p < 0.002). There was no difference 
between Olorct and NOLorct reaction times Ctc1s) = 0.011, p < 0.991). 
Critical Decision period reaction times were 386.73 ms (SEM 23.30) for 
the Olorct mazes, 352.867 ms (SEM 24.02) for the NO Lord mazes, 519.41 ms 
(SEM 40.51) for the OLNew mazes, and 452.06 ms (SEM 30.55) for the NOLNew 
mazes. The GLM analysis revealed a significant main effect of Training Status 
(Fc1,15l = 17.55, p < 0.001), as well as a significant main effect of Condition (F(1,1s) 
= 12.65, p < 0.003), but no significant Training Status by Condition interaction 
(Fc1,15) = 1.724, p < 0.209). These results indicate that average reaction times for 
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the Critical Decisions were slower for the Overlapping condition than the Non-
overlapping condition, consistent with the requirement for a context-dependent 
decision at this point in the overlapping mazes. Average reaction time also 
differed based on Training Status, because the New mazes were learned within 
the scanner. 
4.3.1.4 Early vs Late task phase analysis- scanning day behavior 
The Task Phase analysis revealed that knowledge of the Critical Decision points 
changed in the same manner from Early trials to Late trials for the Overlapping 
and Non-overlapping conditions (i.e. the slopes were matched between 
conditions). This helps ensure that accuracy is not a confound when interpreting 
divergent fMRI activation levels for the Overlapping and Non-overlapping 
condition from Early to Late trials (summarized in Table 4.2, Figs. 4.3d and 4.4d). 
Old mazes (OLo!d and NOLo/d) 
Accuracy of the Old mazes did not change differently for the Overlapping and 
Non-overlapping conditions from Early to Late trials, indicated by no significant 
Task Phase by Condition interaction (Fc1,1s) = 1.093, p < 0.312). There was a 
significant main effect of Condition (Fc1,1s) = 6.404, p < 0.023). There was no 
significant main effect of Task Phase (Fc1,1s) = 2.304, p < 0.150). These results 
indicate that knowledge of the Old maze Critical Decisions did not change for the 
Overlapping and Non-overlapping mazes from Early to Late trials. 
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New mazes (OLNew and NOLNew) 
Accuracy of the New mazes did not change differently for the Overlapping and 
Non-overlapping conditions from Early to Late trials, indicated by no significant 
Task Phase by Condition interaction (F(1,15J = 0.139, p < 0.715). There was no 
significant main effect of Condition (F(1,15J = 0.246, p < 0.627). There was a 
significant main effect of Task Phase (F(1,15J = 161.800, p < 1.9 x 1 o-9). These 
results indicate that knowledge of the New maze Critical Decisions improved to 
the same degree for the Overlapping and Non-overlapping mazes from Early to 
Late trials. 
4.3.2 fMRI results 
4.3.2.1 Averaged Overlapping versus Non-overlapping analysis 
Cue period 
Every maze of both the Overlapping and the Non-overlapping conditions began 
at a unique, non-overlapping starting intersection (termed the "cue"). During the 
Cue period, virtual wooden walls closed off the hallways extending from the 
intersection, restricting participants' views to the starting landmark object of the 
maze. Therefore, the contextual cues were perceptually comparable between 
overlapping and non-overlapping conditions, and isolated from the rest of the 
environment. Only knowledge of their subsequent association with an 
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overlapping route identified cues from the Overlapping condition as different from 
those of the Non-overlapping condition. 
The parahippocampal cortex was more strongly recruited, on average, for 
the contextual cue period of novel overlapping routes. The whole-brain analysis 
revealed a robust Cue period activation difference in the right posterior 
parahippocampal cortex for the OverlappingNew > Non-overlappingNew contrast 
(Fig. 4.2). The parahippocampal cortex activation overlapped with the a priori 
ROI volume placed at coordinates from Brown et al., 2010 by 14 voxels, 
equivalent to a cluster extent significance of p < 0.026 for the region of interest 
analysis. Notably, the right parahippocampal cortex was the only brain region 
significantly recruited for new Overlapping maze cues (Table 4.3). 
Critical Decision period 
The Critical Decision period in this experiment represented the first of two 
overlapping intersections in the mazes. To correctly navigate the Critical Decision 
point of overlapping mazes, participants needed to select the appropriate 
behavior for the current trajectory (e.g. "Do I turn left this time, or do I turn 
right?"). Importantly, the Critical Decision period for Overlappingold mazes 
required participants to execute the same highly familiar behavior learned during 
pre-scan training, while the Critical Decision period for OverlappingNew mazes 
required participants to execute a newly learned alternative to the Overlappingold 
behavior. 
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Notably, the same regions of the left hippocampal tail (-18, -34, -2; t = 
4.06) and right medial caudate (12, 6, 12; t = 3.39) recruited for navigation of 
familiar overlapping routes (Brown et al., 201 0) were both significantly more 
strongly recruited on average for navigational decision points which were 
previously well-learned as distinct representations, but to which competing 
associations were then introduced (Overlappingold Critical Decisions). Strikingly, 
the same region of the medial caudate was also more strongly recruited on 
average for novel Overlapping than Non-overlapping Critical Decisions in both 
hemispheres (Left: -12, 2, 14, t = 4.65; Right: 14, 2, 18, t = 6.50). These findings 
support the prediction that the hippocampal tail and medial caudate update their 
responses to familiar representations to which interference has been introduced, 
and demonstrate preferential recruitment of the medial caudate for novel context-
dependent decisions over distinct non-overlapping behaviors. 
Other brain regions 
Whole-brain analyses of contrasts between the Overlapping and Non-
overlapping mazes revealed multiple brain areas which are important for the 
learning and execution of context-dependent behavior. A summary of whole-brain 
activation differences between the overlapping and non-overlapping conditions is 
given in Tables 4.3 and 4.4. Notably, we observed that the activity in the medial 
caudate extended into the nucleus accumbens for the Critical Decision period of 
OverlappingNew mazes. Consistent with involvement of the ventral striatum in 
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reward processing and behavioral flexibility (Johnson et al. 2007; Turnock & 
Becker, 2008), the nucleus accumbens may be important in the present study for 
the feedback-based learning of alternative behaviors in a novel context. We also 
observed activations in several cortical areas associated with visual, spatial, and 
mnemonic processing, including the retrosplenial cortex, which has been 
implicated in visualization, construction, and identification of complex visual 
scenes and spatial information (Addis et al., 2007; Burgess et al., 2001; Epstein 
& Higgins, 2007; Hassabis et al., 2007). 
4.3.2.2 Early vs Late task phase analysis 
To examine whether learning affects activation level differences in our 
hippocampal tail and medial caudate ROis relating to context-dependent 
behavior, we split the fMRI data into two bins: Early trials (first 3 trials, during 
which participants were learning the Critical Decision periods both the 
OverlappingNew and Non-overlappingNew mazes) and Late trials (final 3 trials, 
during which all participants were consistently performing at the peak accuracy 
for each condition). 
Early vs Late region of interest analysis 
Old mazes (OLord and NO Lord) 
Consistent with results of the Averaged Overlapping versus Non-overlapping 
analysis, there was a significant main effect of Condition in the left hippocampal 
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tail ROI volume (F(1,1s) = 8.162, p < 0.012). There was no main effect of Task 
Phase (F(1,1s} = 0.714, p < 0.411). There was no Condition by Task Phase 
interaction (F(1,1s) = 1.544, p < 0.233). However, planned follow-up t-tests 
between the conditions for the two task phases revealed that activity in the left 
hippocampus did not significantly differ between the Overlappingo1d and Non-
overlapping01d mazes during Early trials (t(15} = 1.366, p < 0.192), but 
Overlappingo1d activity increased after learning the OverlappingNew counterpart 
mazes to be significantly greater in Late trials than activity for the Non-
overlapping01d mazes (f(15) = 3.289, p < 0.005) (Fig. 4.3a). 
In the right hippocampal tail ROI, there was no main effect of Condition 
(F(1,15J = 0.724, p < 0.408). There was no main effect of Task Phase (F(1,15J = 
0.140, p < 0.713). There was no Condition by Task Phase interaction (F(1,15J = 
0.468, p < 0.504). 
In the left caudate ROI, there was a trend towards a main effect of 
Condition (F(1,1s) = 3.919, p < 0.066). There was no main effect of Task Phase 
(F(1,15J = 0.485, p < 0.497). However, there was a significant Condition by Task 
Phase interaction (F(1,1s) = 15.911, p < 0.001). Planned follow-up t-tests between 
the conditions for the two task phases revealed that activity in the left caudate did 
not significantly differ between the Overlapping 01d and Non-overlappingold mazes 
during early learning (t(1s) = 0.498, p < 0.626), but was significantly greater for the 
Overlappingold than Non-overlappingold mazes after the OverlappingNew 
counterpart mazes were learned (t(15J = 3.299, p < 0.005) (Fig. 4.3b). 
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In the right caudate ROI, there was no main effect of Condition (F(1,15l = 
1.365, p < 0.261 ). There was no main effect of Task Phase (F(1,15l = 0.058, p < 
0.813). However, there was a significant Condition by Task Phase interaction 
(F(1,15J = 17.191, p < 0.001). Planned follow-up t-tests between the conditions for 
the two learning phases revealed that activity in the right caudate did not 
significantly differ between the Overlapping01d and Non-overlapping01d mazes 
during early learning (t(1s) = 1.239, p < 0.234), but was significantly greater for the 
Overlappingo!d than Non-overlappingo!d mazes after the OverlappingNew 
counterpart mazes were learned (t(1s) = 3.354, p < 0.004) (Fig. 4.3b). 
New mazes (OLNew and NOLNew) 
There was no main effect of Condition in either the left or right hippocampal tail 
ROis (Left: F(1,15) = 0.814, p < 0.381; Right: F(1,1s) = 0.006, p < 0.937). There were 
no main effects of Task Phase (Left: F(1,1s) = 1.550, p < 0.232; Right: F(1,15) = 
1.001, p < 0.333). There were no significant Condition by Task Phase interactions 
although there was a trend toward significance in the Left hippocampal tail ROI 
(Left: F(1,15) = 3.292, p < 0.090; Right: F(1,1s) = 1.802, p < 0.199). These data 
indicate that prominent activation differences between Overlapping and Non-
overlapping navigational decisions do not emerge in this region of the 
hippocampal tail during learning. However, the whole-brain analysis in SPM 
revealed overlapping maze activity centered over our left hippocampal tail ROI 
specifically during early learning (with significance exceeding thresholds of p < 
0.002). Parameter estimates from this ROI volume are therefore displayed in 
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Figure 4.4a for illustration of the pattern of activity from Early to Late trials in this 
a priori ROI. 
In the left caudate ROI, there was a significant main effect of Condition 
(Fc1.1sJ = 16.725, p < 0.001). There was no main effect of Task Phase (Fc1,1sJ = 
1.100, p < 0.311). There was a significant Condition by Task Phase interaction 
(Fc1,1s) = 12.443, p < 0.003). Planned follow-up t-tests between the conditions for 
the two learning phases revealed that activity in the left caudate was significantly 
greater during early learning of the OverlappingNew than Non-overlappingNew 
mazes (t(1SJ = 6.197, p < 1.7 x 1 0"5), but did not differ between the two conditions 
after the new decisions were learned (tc1s) = 0.768, p < 0.454) (Fig. 4.4b). 
In the right caudate, there was a significant main effect of Condition (Fc1,15J 
= 5.762, p < 0.030). There was a main effect of Task Phase approaching 
significance (Fc1.1s) = 4.283, p < 0.056). There was a significant Condition by Task 
Phase interaction (Fc1,1s) = 10.962, p < 0.005). Planned follow-up t-tests between 
the conditions for the two learning phases revealed that activity in the right 
caudate was significantly greater during early learning of the Overlapping New than 
Non-overlappingNew mazes (t(1S) = 4.121, p < 0.001 ), but did not differ between 
the two conditions after the new decisions were learned (t(1SJ = 0.190, p < 0.852) 
(Fig. 4.4b ). 
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Early vs Late whole-brain analysis 
Similar to the Averaged Overlapping versus Non-overlapping Whole-brain 
analysis, multiple brain areas were identified as important for spatial 
disambiguation in different stages of learning. A summary of whole-brain 
activation differences between the overlapping and non-overlapping conditions 
split out for Early and Late trials is given in Table 4.5. Notably, the finding that the 
medial caudate is recruited for late trials of the 0Lo1d mazes is also observed at 
the whole-brain level, with activations strikingly restricted to the medial extent of 
the caudate nucleus (Fig. 4.3c). 
Critically, the whole-brain analysis identified a large cluster of hippocampal 
activity centered over our a priori left hippocampal tail ROI that was more 
strongly active specifically for early learning of OLNew than NOLNew mazes. We 
also observed several other clusters of hippocampal activity more strongly 
recruited for early trials of OLNew mazes, demonstrating a strong hippocampal 
preference for learning overlapping spatial associations over completely novel, 
but non-overlapping, representations (Fig. 4.4c). In addition to hippocampal 
activity for early overlapping maze learning, we observed extensive activations in 
the medial caudate at the whole brain level centered over our a priori ROJ 
volumes for early learning of overlapping mazes. 
Notably, we also observed activity in the orbitofrontal cortex and 
dopaminergic midbrain for early learning of overlapping mazes. The orbitofrontal 
cortex has been previously implicated in navigation of familiar overlapping routes 
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(Brown et al., 201 0). The present findings suggest the orbitofrontal cortex may 
also have a key role in early learning of behavioral alternatives to previously-
learned navigational choices. The dopaminergic midbrain has been shown to 
support integrative encoding of overlapping item associations (Shohamy & 
Wagner, 2008). Our finding of robust activity around the ventral tegmental area 
for early learning of OLNew mazes suggests that learning overlapping spatial 
representations places greater demand on dopaminergic midbrain function than 
entirely novel, but non-overlapping, associations. Such recruitment of 
dopaminergic midbrain areas could facilitate learning in both the hippocampal 
and striatal memory systems discussed here. 
4.3.2.3 Between-subjects activity-accuracy regression analysis 
Results of this analysis revealed a strong relationship between activity in the 
medial caudate and each subject's performance during Early task phase Critical 
Decision. At a voxelwise threshold of p < 0.01 corrected with a cluster size 
significance of p < 0.01, participants who performed better during early learning 
of OLNew mazes recruited the medial caudate more strongly for the familiar 
decisions which have become overlapping (OLoid) (Left caudate: xyz = -14, 4, 16, 
t = 5.62; Right caudate: xyz = 14, 4, 12, t = 4.83) (Fig. 4.5a). A positive 
relationship between OLNew performance and OLoid activity was observed in the 
left hippocampal tail at a reduced voxelwise threshold of p < 0.02. Participants 
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who performed better during early learning of OLNew mazes recruited the medial 
caudate more for those decisions (Right caudate: xyz = 18, 6, 14, t = 3.25). 
Importantly, no positive relationship was observed between how well 
participants performed on the non-overlapping mazes and how strongly they 
recruited our regions of interest, even with voxelwise thresholds reduced to p < 
0.05. Instead, we actually observed the opposite relationship between 
performance and activity in our regions of interest: participants who performed 
better on NOLNew mazes actually recruited the right medial caudate less for 
NOLold mazes (xyz = 16, 2, 14, t = 4.43). Although the NOLold and NOLNew 
decisions were not directly related to one another, these results indicate that 
participants who perform better during early learning of non-overlapping 
decisions also recruit these structures less during retrieval of distinct familiar 
associations. This relationship was also observed in the right hippocampal tail 
ROI with a cluster extent significance of p < 0.017 (xyz = 20,-32,-4, t = 3.04) (Fig. 
4.5b). 
These results support the prediction that good overlapping maze 
navigators recruit the medial caudate, and to a lesser extent, the hippocampal tail 
rnore than poor maze navigators. They also indicate that people who are efficient 
non-overlapping maze learners recruit these areas less at retrieval, suggesting 
that overreliance on these areas may be maladaptive for unambiguous decisions. 
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4.4 Discussion 
The results of the present experiment demonstrate a specific role for the 
parahippocampal cortex in representing novel spatial contextual cues, and 
complementary roles for the hippocampal tail and medial caudate in learning 
novel overlapping routes as well as retrieving familiar navigational decisions 
following the introduction of interfering memories. The hippocampus may be 
particularly important for flexible decision-making through its ability to uniquely 
represent or disambiguate overlapping representations, while the striatum can be 
thought of as supporting disambiguation of actions, helping to flexibly represent 
alternative behavioral output in different circumstances. 
4.4.1 Parahippocampal cortex processes novel contextual cues 
The results of our experiment demonstrate a particularly important role for the 
parahippocampal cortex in representing contextually-significant spatial 
information, consistent with models of medial temporal lobe function (Davachi, 
2006; Eichenbaum et al. 2007; Eichenbaum et al., 2011 ). We show that the 
parahippocampal cortex is the only brain region more strongly active across trials 
for novel cues used to guide context-dependent decisions than cues for 
unambiguous events. A number of studies have suggested that the 
parahippocampal cortex is particularly sensitive to novel scene encoding (Epstein 
et al., 2007; Howard et al., 2011 ). Interestingly our data demonstrate that the 
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parahippocampal cortex represents contextual associations of overlapping maze 
cues during leaming (OLNew), but does not update its representation of familiar 
scenes which were learned prior to being associated with context-dependent 
decisions (Olold). This finding suggests that the navigational importance of 
overlapping maze cues is only represented in the parahippocampal cortex if they 
are associated with context-dependent decisions during the time of encoding. 
Previous research has implicated the parahippocampal cortex in source 
memory and the representation of context (Bar & Aminoff, 2003; Davachi et al., 
2003; Ekstrom & Bookheimer, 2007; Jenkins & Ranganath, 201 0; Ranganath et 
al., 2003; Ross & Slotnick, 2008), while other studies highlight its role in 
processing scenes, landmarks, and spatial information (Burgess et al., 2001; 
Epstein & Kanwisher, 1998; Hartley et al., 2003; Howard et al., 2011; Mullally et 
al., 2011; O'Craven & Kanwisher, 2000; Rosenbaum et al., 2004). Given the 
spatial nature of the present experiment, the cue locations may serve as a 
"spatial context" for the overlapping mazes both through the association between 
cue and critical choice landmarks as well as the unique spatial relationship 
between the locations. By perceptually isolating the Cue period of the task and 
directly comparing the Overlapping and Non-overlapping conditions, our 
experiment allowed us to examine how parahippocampal cortex processes 
spatial information which serves as such a cue for context-dependent decisions. 
The parahippocampal cortex has been shown to preferentially encode 
landmarks at navigational choice points (Janzen & van Turennout, 2004). 
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However, in the present experiment the cue landmarks were equally important for 
the initial navigational choices of both the Overlapping and Non-overlapping 
conditions. Furthermore, cue periods were perceptually comparable between the 
conditions because all mazes began at non-overlapping locations with 
participants' views restricted to the starting landmarks. However, in the Non-
overlapping condition the cue locations are only necessary for the initial 
navigational decision, while in the Overlapping condition the cues are also 
necessary to distinguish between episodes in the critical decisions. Our results 
demonstrate that parahippocampal cortex is not only important for processing 
navigationally-relevant landmarks, but represents associations which are 
important for flexible navigational decisions during encoding. 
4.4.2 Hippocampus updates recruitment for memories which become 
overlapping 
Models of medial temporal lobe function predict the hippocampus is critical for 
retrieval of specific representations which overlap with other memories 
(Hasselmo & Eichenbaum, 2005; Zilli & Hasselmo, 2008a). Our results support 
this prediction by demonstrating that the human hippocampus becomes more 
important for retrieval of familiar representations with the introduction of 
alternative overlapping associations. The hippocampus is thought to code 
representations which share common elements with contextual information, 
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facilitating subsequent retrieval of distinct episodes (Agster et al., 2002; Brown et 
al., 201 0; Ferbinteanu & Shapiro, 2003; Ginther et al. 2011; Lee et al., 2006; 
MacDonald et al., 2011; Smith & Mizumori, 2006; Wood et al., 2000). 
In the real world, overlapping memories are typically learned in a 
progressive manner, with one experience following another. A key feature of our 
experimental design was the ability to examine whether navigational memories 
which were learned as non-overlapping representations are updated with 
experience to reflect the fact that they have become overlapping. Overlapping01d 
mazes were already learned as distinct routes from training day and underwent a 
24-hour consolidation period, but learning still occurs in these mazes during 
scanning insofar as participants acquire knowledge of alternative associations for 
the overlapping decision points. Our data reveal that hippocampal tail activity 
began at a similar level for Overlappingold and Non-overlapping01d Critical 
decisions in early trials, consistent with both sets of mazes having been learned 
as distinct routes the previous day. However, activity increased for Overlapping01d 
Critical Decisions after participants mastered the OverlappingNew mazes, 
introducing a need to disambiguate two associations for the same spatial 
location, while remaining minimal for non-overlapping routes. These findings 
indicate that the hippocampal dependence of distinct, well-learned navigational 
memories increases as they cease to be distinct and overlapping associations 
are introduced and strengthened. 
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4.4.3 Medial caudate supports context-dependent navigation 
Learning the OverlappingNew mazes introduced alternative behaviors to 
Overlappingo1d decision points. While the basal ganglia have traditionally been 
associated with incremental habit learning, research suggests that the medial 
component of the caudate plays an important role in flexible and goal-directed 
behavior (Brown et al. 2012; DeCoteau et al., 2007; Devan & White, 1999; 
Ragozzino et al., 2002; Thorn et al., 2010; Yin & Knowlton, 2004; Yin & Knowlton, 
2006). Our results demonstrate that the medial caudate is more strongly 
recruited for selection of familiar behaviors which later become context-
dependent than distinct non-overlapping behaviors. Responses in the medial 
caudate for Old mazes followed a similar trend to that of the hippocampus, with 
activity beginning at similar levels for the Overlappingold and Non-overlapping01d 
mazes in Early trials, but diverging in Late trials after the OverlappingNew 
behaviors had been learned. Even during early trials, however, we show that 
participants who knew the OverlappingNew mazes better recruited the medial 
caudate more for the Overlapping01d mazes, while participants who performed 
worse on the OverlappingNew mazes recruited the medial caudate less. Notably, 
while Overlappingold activity in the medial caudate increased across runs with 
learning of the alternative OverlappingNew decisions, it also decreased from Early 
to Late trials in the Non-overlapping01d condition. The corresponding decrease in 
medial caudate activity for Non-overlappingold decisions across runs indicates 
that the dependence of non-overlapping decisions on medial caudate function 
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decreases with continued practice. Our data demonstrate that recruitment of the 
medial caudate for familiar navigational decisions is sensitive to the introduction 
of competing behavioral alternatives, and strongly support a greater role for this 
striatal subcomponent in context-dependent behavior. 
Our data from the Overlappingo1d mazes speak more broadly to the 
question of how we are able to maintain behavioral flexibility over the course of 
our lifetime as our body of memories and experiences grows. We find that 
recruitment of the hippocampus and medial caudate is limited for distinct familiar 
representations. However, well-learned memories are susceptible to the 
introduction of novel interfering associations, and successful retrieval of such 
familiar associations and actions can become more dependent on the 
hippocampus and medial caudate when additional experiences introduce a need 
to distinguish between episodes. 
4.4.4 Hippocampus and medial caudate support learning of context-
dependent behavior 
A fundamental prediction about hippocampal function in episodic memory is that 
the hippocampus is critical for encoding overlapping memories in a manner 
which allows for subsequent retrieval of specific episodes. Our data support this 
prediction, demonstrating that the same region of the hippocampal tail active for 
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overlapping maze retrieval is not only recruited for learning overlapping spatial 
representations, but is significantly more active for this process than learning 
distinct non-overlapping associations (despite there being more novel information 
in the non-overlapping routes). Activity in the hippocampus has been previously 
shown to correlate more strongly with the learning rate of non-spatial overlapping 
than non-overlapping sequences (Kumaran & Maguire, 2006). To our knowledge, 
our data provide the first evidence that the human hippocampus is recruited more 
strongly for learning overlapping than non-overlapping spatial representations. 
Consistent with a need for the hippocampus at retrieval of context-
dependent representations, we show that hippocampal tail activity for the newly 
learned overlapping mazes remains elevated across trials of the task. What is 
surprising, however, is that hippocampal recruitment for the novel non-
overlapping mazes actually increases across trials to the level of that of the 
overlapping mazes. This is in apparent contrast to the data from the well-learned 
Old mazes in this study as well as Brown et al., 2010. However, it is consistent 
with the results of Ross et al., 2009, where we observed similar recruitment of 
the hippocampus for retrieval of overlapping and non-overlapping sequences 
within the same session that learning occurred. The present data suggest an 
interesting dynamic in hippocampal sequence retrieval: that within the relatively 
brief tirne-frame of the scanning task, participants may rely more and more on an 
explicit retrieval strategy for the non-overlapping mazes as they acquire the many 
different stimulus associations. After a consolidation period, however, reliance on 
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the hippocampus decreases for these unique representations (NOLord), while 
remaining elevated for context-dependent overlapping representations. 
The hippocampus may avoid interference between overlapping 
representations at retrieval through the process of pattern separation during 
learning (Bakker et al., 2008), or may bind representations with shared features 
together through a form of integrative encoding (Shohamy & Wagner, 2008; 
Zeithamova & Preston, 2010). The present data cannot directly distinguish 
between these mechanisms. However our demonstration of greater hippocampal 
activation at retrieval for overlapping than non-overlapping memories suggests 
the overlapping routes are not completely orthogonalized in memory to an extent 
that they are equivalent to non-overlapping associations. 
Analysis of the medial caudate in the OverlappingNew condition further 
supports a central role for this region in behavioral flexibility, with the bilateral 
medial caudate being more strongly recruited for learning novel overlapping than 
non-overlapping routes. This result is striking because learning Non-
overlappingNew mazes required associating a novel behavior with a novel 
stimulus, while learning OverlappingNew mazes required associating an 
alternative behavior with a familiar stimulus, suggesting recruitment of the medial 
caudate is driven by flexible learning demands more than the amount of novel 
information. Critically, activity in the medial caudate was greatest during early 
learning of the OverlappingNew mazes. This pattern of medial caudate activity 
resembles its role in reversal learning (Ragozzino et al., 2002), coming online 
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early for the rapid acquisition of a novel behavioral rule (Pasupathy & Miller, 
2005). The findings from our between-subjects analysis also reveal that people 
who perform better during early learning of the OLNew mazes recruit the medial 
caudate more during this period. Data in rodents suggest the medial caudate is 
sensitive to conflicting plasticity demands in behavioral learning (Thorn et al., 
201 0). In our experiment there is a need to learn a novel behavior in one context 
(OLNew) while maintaining a familiar alternative association (0Lo1d) for that same 
stimulus. Interestingly, this pattern of activity differs from the increasing role of the 
caudate in the 0Lo1d mazes as their decisions become context-dependent. 
However, it is notable that the decreasing OLNew activations converge with the 
increasing Olo1d activations in the Late period. Therefore, our data suggest 
recruitment of the medial caudate for learning context-dependent behaviors is 
greater than recruitment for flexible selection of context-dependent behaviors. 
Medial caudate activity for context-dependent behavior is greater, in turn, than 
recruitment for well-learned routes which do not require selection between 
alternative actions (NOLold). 
4.5 Conclusions 
Our experimental data support models predicting a critical role for the medial 
temporal lobes in both storing and retrieving distinct representations of 
overlapping memories. Specifically, our data indicate that the human 
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parahippocampal cortex processes contextually-significant spatial information 
during learning, and demonstrate that well-learned navigational decisions 
become more hippocampally-dependent with the learning of competing 
overlapping associations. Importantly, our data also provide novel evidence that 
learning overlapping routes activates the hippocampus more strongly than 
completely novel non-overlapping spatial representations. Furthermore, our 
results emphasize a central role for the medial caudate in navigating overlapping 
routes, demonstrating particularly strong demand for the medial caudate during 
both learning and executing context-dependent behaviors. 







Task design. (a) Example of participants' ground-level perspective of virtual environments. 
(b) Illustration of experimental design with overhead layouts of some of the virtual mazes. 
The OLOid (blue path) and NOLOid (red path) mazes are learned as distinct non-
overlapping routes on training day. The OLOid maze becomes overlapping on scanning day 
as participants learn the OLNew counterpart maze (green path) . The NOL0 ,d maze remains 
non-overlapping in the scanner. The NOLNew maze (orange path) is a novel non-overlapping 





The right parahippocampal cortex is the only brain region more 
strongly recruited for new overlapping maze (OLNew) cues than 
new non-overlapping maze (NOLNew) cues. This unmasked 
whole-brain OLNew>NOLNew contrast image has a statistical 
threshold of p < 0.01 corrected for multiple comparisons with a 
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Activations for the Critical Decisions of the well-learned mazes which become overlapping 
in the scanner. Asterisks denote statistically significant differences between Overlapping 
and Non-overlapping conditions. (a) Activity in the left hippocampal tail does not 
discriminate between the familiar overlapping (OLold) and non-overlapping (NOL01d) 
decisions in Early trials of the task, but increases across trials in the overlapping condition 
to become more active than the non-overlapping condition (p < 0.005) . (b) Activity in the 
bilateral medial caudate does not discriminate between the familiar overlapping (OL01d) and 
non-overlapping (NOLold) decisions in Early trials of the task, but increases in the 
overlapping condition and decreases in the non-overlapping condition across trials to be 
more active for Late phase overlapping decisions (Left= p < 0.005, Right= p < 0.004). (c) 
Whole-brain analysis image of activity significantly greater for OL01d mazes in Late trials. 
Activity centered over the a priori medial caudate ROI is denoted with green arrows. This 
whole-brain analysis image has a statistical threshold of p < 0.01 corrected for multiple 
comparisons with a voxel extent of 139. (d) Behavioral accuracy corresponding to Early 
and Late task phases. Importantly, knowledge of the OLold and NOLold decisions does not 
change across task phases. 
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Activations for learning new overlapping alternative Critical Decisions. Asterisks denote 
statistically significant differences between Overlapping and Non-overlapping conditions. (a) 
Activity in the left hippocampal tail is significantly stronger for early learning of new 
overlapping mazes than novel non-overlapping representations. Hippocampal recruitment 
for OLNew mazes remains high across trials, while activity for NOLNew mazes increases to the 
same level by the Late task phase. (b) Activity in the bilateral medial caudate is also greater 
for early learning of novel overlapping (OLNew) than non-overlapping (NOLNew) decisions 
(Left = p < 0.000, Right = p < 0.001 ), but converges with non-overlapping condition activity 
in the Late phase. (c) Whole-brain analysis image of activity significantly greater for early 
learning of OLNew mazes. Activity centered over the a priori left hippocampal tail ROI is 
denoted with green arrows, while the blue arrow indicates additional hippocampal activity for 
overlapping maze learning. This whole-brain analysis image has a statistical threshold of p < 
0.01 corrected for multiple comparisons with a voxel extent of 139. (d) Behavioral accuracy 
corresponding to Early and Late task phases. Knowledge of the alternative OLNew and 
NOLNew decisions increases in the same manner across trials. 
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Figure 4.5 
Between-subjects regression relating Critical Decision activity with behavioral accuracy. (a) 
Participants who performed better on OLNew mazes recruited our medial caudate ROis more 
for OL01d mazes (green arrows). Scatter plots below show the distribution of individual subject 
Olo1d parameter estimates from these ROis around the regression line. (b) Participants who 
performed better on NOLNew mazes actually recruited the medial caudate (green arrow) and 
hippocampal tail less for familiar non-overlapping decisions. Scatter plots below show the 
distribution of individual subject NOL0 1d parameter estimates from these ROis around the 
regression line. Statistical regression maps reflect a voxelwise statistical threshold of p < 
0.01 corrected for multiple comparisons to o < 0.01 . 
4. 7 Chapter 4 tables 
Table 4.1. Behavioral performance averaged across trials 
Starling intersection: Olo1<~ NOlo1d 
% Accura(;)'(SEM) 99.6_(0.3) 99.8 (0.2) 
RT. milliseconds (SEM) 568.93 (30.82) 569.17 (39.02) 
Critical Decision: Dlot< NOLo" 
%Accuracy (SEMl 96.8 (1.5) 99.6 (0.3) 
RT. milliseconds (SEM) 386.73 (23.30) 352.87 (24.02) 
Table 4.2. Critical Decision performance: Early vs Late 
trials 




84.6 (1.6) 86.8 (1.9) 
896.93 (49.81) 779.54_(42.1§) 
OLN w NOLN 
82.9 (2.3) 86.4 (1.6) 
519.41 (40.51) 452.06 (30.55) 
Right 
Brain region (t-value) (M Nl x,y ,z) (!·value) (MNI x,y,z) 
Lateral occipital qyrus 5.03 ·16. ·96, 16 
New mazes: 
Left Right 
Brain reqion (!-value) (MNI x,v,zl (!-value) (MNI x,y,& 
Parahippocan:!fl_al cortex 4.30 32, -42, -8 
MNI coordinates reflect cluster-center voxels. t-values reflect a statistical threshold of 
p<0.01. 
Activation clusters survived cluster-threshold correction for multiple comparisons to 
p < 0.01 with a minimum cluster size of 139 voxels 
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Table 4.4. Average effect of OL>NOL: Critical Decision period 
Old mazes: 
Left Right 
Brain reqion (t-value) (MNI x,v,z) (t-value) (MNI x,v,z) 
Anterior Middle frontal gyrus 4.85 -30, 62, 18 4.92 36,54,18 
Dorsolateral prefrontal cortex 7.72 46,30,26 
Inferior frontal sulcus 7.06 -40, 22, 30 
Premotor cortex 10.10 -28, 10, 58 8.57 34,8,52 
Anterior insula 5.20 -30, 24, 0 6.54 30,24,0 
Post-central gyrus 6.48 -46, -26, 54 
Intraparietal sulcus 11.12 -36, -52, 58 8.44 32,-5 6, 54 
Angular gyrus 7.77 -32, -82, 28 5.57 38, -78, 30 
Supplementary motor cortex 5.93 -4,16,46 6.28 6,22,44 
Precuneus 7.61 -2,-68,42 6.55 8, -66, 52 
Retrosplenial cortex 8.29 -14,-60, 16 3.91 14, -52, 14 
Calcarine sulcus 6.34 16,-78, 8 
Lingual gyrus 5.03 12, -72, -6 
Cerebellum 4.56 -6, -82, -40 5.87 34, -70,-50 
New mazes: 
Left Right 
Brain region (t-value) l_MNI x,y,z)_ (t-value) (MNI x,y,z) 
Caudate 4.65 -12,2,14 6.50 14,2,18 
Nucleus accumbens 3.13 10,8,-8 
Retrospleniat cortex 4.41 -12,-54,12 3.53 10,-42,6 
Anterior Middle frontal gyrus 6.96 -40, 52, 8 7.86 38,62,8 
Dorsolateral prefrontal cortex 6.63 -44,24,32 7.42 48,30,32 
Supplementary motor cortex 4.20 -10,4,50 7.26 6,28,40 
Premotor cortex 4.9 -28,12,62 5.31 38,12,52 
Anterior insula 6.04 -32,22,10 5.31 32,20,8 
Precentral sulcus 4.73 -26,-14,50 
Intraparietal sulcus 8.90 -40,-50,46 8.36 42,-44,48 
Angular gyrus 10.24 38,-68,40 
Precuneus 7.41 -6,-60,40 10.29 12,-64,34 
Calcarine sulcus 4.22 -14,-92,-4 5.18 16,-88,2 
Thalamus 4.42 -6,-8,6 5.41 10,-16,14 
Cerebellum 4.07 -30,-68,30 
MN/ coordinates reflect cluster-center voxels. t-values reflect a statistical threshold of p<0.01. 
Activation clusters survived cluster-threshold correction for multiple comparisons to 
p < 0.01 with a minimum cluster size of 139 voxels 
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T able 4.5. Early vs Late Critical Decisions 
Old mazes- Early: 
Brain region 




Old mazes- Late: 
Brain region 
Medial caudate 
Anterior Middle frontal gyrus 
Inferior frontal sulcus 
Premotor cortex 











Ventral tegmental/ Substantia Nigra 
Retrosplenial cortex 
Orbitofrontal cortex 
Dorsolateral prefrontal cortex 
Medial prefrontal cortex 
Inferior frontal gyrus 
Anterior insula 
Angular gyrus 
Middle temporal gyrus 
Lateral occipita I gyrus 
Calcarine sulcus 
Cerebellum 
New mazes - Late: 
Brain region 
Dorsolateral prefrontal cortex 
Anterior Middle frontal gyrus 
Intraparietal sulcus 








































































M Nl coordinates reflect cluster-center voxels. t-values reflect a statistical threshold of 
Activation clusters survived cluster-threshold correction for multiple comparisons to 









5.1 Summary of results 
5.1.1 Restatement of original hypothesis 
The three experiments described in this dissertation were conducted with the 
primary goal of determining the neural substrate in humans for the ability to 
flexibly remember distinct events and select situationally-appropriate behaviors 
when faced with competition from alternative memories. The first experiment, 
described in Chapter 2, tested whether the hippocampus, orbitofrontal cortex, 
and related brain structures are preferentially recruited for successful navigation 
of well-learned overlapping maze environments, where correct navigational 
choices required the ability to distinguish the current route from familiar 
alternatives. The second experiment, described in Chapter 3, tested whether the 
hippocampus and caudate increase their functional interactions with each other 
and the orbitofrontal cortex when contextual information is needed to guide 
selection of the appropriate navigational behavior for the current destination. The 
third experiment, described in Chapter 4, examined whether the hippocampus 
and caudate together support the learning of context-dependent behaviors, and 
dynamically increase their participation in familiar navigational decisions with the 
introduction of overlapping routes. Together, the results of these experiments 
serve to demonstrate whether the hippocampus is important for context-
dependent memory in humans, and whether it supports goal-directed navigation 
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through collaboration with prefrontal and striatal structures implicated in the 
evaluation and selection of action. 
5.1.2 Summary of hippocampal and orbitofrontal cortex recruitment 
during context-dependent retrieval of familiar routes 
Chapter 2 tested whether humans recruit the hippocampus, adjacent 
parahippocampal cortex, and the orbitofrontal cortex to successfully retrieve well-
learned overlapping spatial routes. Participants used spatial cues to alternate 
between familiar overlapping virtual maze environments during fMRI scanning. 
Results show that the hippocampus and parahippocampal cortex are recruited 
during the cued planning of the current overlapping route, and are more strongly 
recruited for retrieval of context-dependent overlapping decisions than distinct 
non-overlapping decisions. Critically, the orbitofrontal cortex is recruited 
specifically for flexible context-dependent navigational decisions, even when 
participants are making no errors and in the absence of explicit rewards for 
correct behavior. These data support the prediction that the hippocampus is 
important in humans for the use of context to retrieve overlapping sequential 
representations in humans, and that the orbitofrontal cortex plays a specific role 
in memory-guided evaluation of behavioral choices in navigation. 
In addition to preferential recruitment of the hippocampus and orbitofrontal 
cortex for retrieval of overlapping routes, we also observed increased activity in 
158 
the dorsal striatum, particularly the caudate nucleus, for flexible context-
dependent navigation. Anatomical data from primates demonstrate anatomical 
connections linking the hippocampus to the orbitofrontal cortex, which in turn 
projects to the striatum (Barbas & Blatt 1995; Cavada et al., 2000; Roberts et al., 
2007). These connections suggest that the hippocampus and medial caudate 
may indirectly interact to support translation of mnemonic information into action, 
as predicted by research in rodents (DeCoteau et al., 2007; Devan & White, 
1999; Johnson et al., 2007). These potential interactions were examined in 
Chapter 3. 
5.1.3 Summary of hippocampal, orbitofrontal cortex, and striatal 
interactions supporting flexible route navigation 
Chapter 3 tested whether the hippocampus, caudate nucleus, and orbitofrontal 
cortex, functionally interact to support flexible navigation of familiar overlapping 
routes. Using a functional connectivity analysis of fMRI data, we compared 
interactions between these structures during virtual navigation of overlapping and 
non-overlapping mazes. Results of this experiment demonstrate that while the 
hippocampus, caudate, and orbitofrontal cortex show correlated activity for 
navigation of spatial routes in general, the strength of their functional interactions 
dynamically increases for flexible context-dependent navigation. Specifically, the 
hippocampus cooperates with the caudate more strongly when planning and 
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flexibly navigating overlapping than non-overlapping routes. Furthermore, both 
structures increase the strength of their functional connectivity with the 
orbitofrontal cortex specifically during context-dependent decision points. The 
results of this experiment support the prediction that the hippocampus and 
caudate functionally interact in support of flexible navigation. The results of this 
experiment also support the prediction that the orbitofrontal cortex serves as a 
functional intermediary between the hippocampus and striatum when selecting 
between alternative behaviors requires memory-guided evaluation of the correct 
action. 
Data from reversal learning experiments (Pasupathy & Miller, 2005; 
Ragozzino et al., 2002; Yin & Knowlton, 2006) suggest that the caudate may be 
particularly important for learning alterations in behavior in humans. The medial 
caudate may be critical for the representation of alternative behaviors in different 
contexts during early learning. Contributions of the hippocampus and medial 
caudate to flexible route learning were examined in Chapter 4. 
5.1.4 Summary of hippocampal and striatal contributions to learning 
and updating context-dependent navigational decisions 
Chapter 4 tested whether the hippocampus and caudate contribute to forming 
context-dependent memories and behaviors. fMRI activity for learning new virtual 
mazes which overlap with familiar routes was compared with activity for learning 
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completely distinct routes. Results of this experiment demonstrate that both the 
hippocampus and medial caudate are preferentially recruited for learning mazes 
which overlap with existing route memories. These data support the prediction 
that the hippocampus is critical for uniquely coding overlapping mnemonic 
representations in humans. Furthermore, these results support the prediction that 
the medial component of the caudate is particularly important for learning flexible 
actions. Furthermore, both the hippocampus and medial caudate were shown to 
update their responses to familiar route memories which become context-
dependent, supporting the idea that recruitment of both regions for goal-directed 
behaviors can change dynamically as retrieval and selection demands are 
updated with experience. 
5.2 Discussion 
The landmark publication of Scoville and Milner's findings in patient H.M. (1957) 
revealed that the hippocampus was a critical brain structure for declarative 
memory. This finding provided a framework for decades of subsequent research 
on the role of the hippocampus in supporting episodic memory. The existence of 
"place cells" in the hippocampus (O'Keefe, 1979) provides support for a separate 
notion that the hippocampus creates internal "cognitive maps" of environments. 
While research examining the roles of the hippocampus in episodic and spatial 
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memories increasingly crosses paths (so to speak), these remain predominantly 
two distinct areas of study in human cognitive neuroscience. 
Building off of the concept that the hippocampus supports mapping of 
environments, spatial navigation research in humans has largely focused on 
demonstrating that complex spatial relationships between locations in an 
environment are supported by the hippocampus, while navigation based on 
motor associations for specific cues and landmarks is primarily "non-spatial" and 
supported by other regions like the striatum (Bohbot et al., 2007, Hartley et al., 
2003, laria et al., 2003, laria et al., 2008). This concept has been extended by 
some researchers to a view that while navigation in open environments requires 
complex spatial processing supported by the hippocampus, the navigation of 
familiar routes relies minimally on the hippocampus (Hartley et al. 2003). 
However, while the hippocampus may not be necessary for making each 
turn along a familiar road, data from rodents demonstrate that highly-familiar 
routes are represented by well-formed sequential firing of hippocampal place 
cells (Davidson et al., 2007; Diba & Buzsaki, 2007; Foster & Wilson, 2007; 
Johnson & Redish, 2007). Thus, the hippocampus appears to map trajectories 
through an environment, even when they are physically constrained to specific 
routes with discrete behavioral choice points. Such sequential firing of place cells 
provides a critical link between spatial and episodic memory concepts of 
hippocampal function, because sequential associations are considered a key 
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feature of episodic memory (Buzsaki, 2005; Eichenbaum, 2000; Fortin et al., 
2002; Hasselmo, 2009). 
A fundamental question, therefore, is in what circumstances and to what 
extent do route memories, like episodic memories, rely on the hippocampus? 
One answer to this question is described in this dissertation: route navigation 
relies more strongly on the hippocampus when the behaviors depend on explicit 
knowledge of the current navigational context. If a route can be navigated based 
on stimulus-response associations alone, accuracy may well not be dependent 
on the hippocampus. The data reported in this thesis are consistent with this 
notion - the hippocampus is minimally recruited for navigation of highly-familiar 
non-overlapping routes. In fact, evidence presented in Chapter 4 suggests 
hippocampal recruitment may relate to a maladaptive strategy in navigating 
familiar, completely distinct routes. In contrast, the three experiments described 
here demonstrate that the hippocampus has a particularly important role in 
retrieving routes when an explicit memory strategy is used. In the case of the 
overlapping mazes, people need to choose between one of two hallways, based 
on knowledge of the current context under which they are navigating. In further 
support of this notion, completely distinct routes can become more dependent on 
the hippocampus as alternative associations and a need for contextual memory 
is introduced. In this sense, the overlapping routes used in this study are a good 
example of how hippocampal-dependent episodic memory is used to support 
navigation. 
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Another feature of the experimental dichotomy of "spatial vs response-
based" navigation seen in human research is the proposal that regions of the 
dorsal striatum, like the caudate, support inflexible response-based navigation 
(Bohbot et al., 2007, Hartley et al., 2003, laria et al., 2003, laria et al., 2008). This 
form of navigation has been proposed to be in competition to hippocampal-
dependent map-based navigation. There is a tradition toward this view in rodent 
navigation research as well (Packard & McGaugh, 1 996), but a growing body of 
research has begun to emphasize the limitations of this perspective. In particular, 
there are different patterns of anatomical connectivity within different regions of 
the dorsal striatum: the dorsolateral striatum (primarily corresponding to the 
putamen in primates) is more strongly connected with somatosensory and rnotor 
cortex, while the dorsomedial striatum (primarily corresponding to the caudate in 
primates) is more strongly connected with regions of the prefrontal cortex 
important for decision-making (Cavada et al., 2000; Haber et al., 2006; Roberts 
et al., 2007; Yin & Knowlton, 2006). Experimental work indicates that there is a 
functional significance to this anatomical distinction - while responses in the 
dorsolateral striatum are consistent with gradual learning of inflexible behaviors 
predicted in a reinforcement-learning framework, the dorsomedial striatum is 
important for hippocampal-dependent navigation (Devan & White, 1 999) and 
shows rapid learning and updating of the value of different responses and 
strategies following feedback (Monchi et al., 2001; Pasupathy & Miller, 2005; 
Ragozzino et al., 2002; Yin & Knowlton, 2006). 
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The results presented in this dissertation challenge the notion that the 
caudate supports inflexible forms of navigation in humans and functions 
antagonistically to the hippocampus. Consistent with implications of the 
dorsomedial striatum in reversal learning, the results described in Chapter 4 
demonstrate that the medial caudate is far more strongly recruited for learning 
novel behaviors which are alternatives to familiar ones than it is for learning novel 
behaviors in general. Furthermore the data from all three experiments highlight a 
persistent role for the caudate in behavioral flexibility - the caudate is not only 
recruited for learning an alternative to a previously-correct decision, but is 
important for flexibly alternating or switching back and forth between behavioral 
responses based on mnemonic information. This thesis work defines a role for 
the caudate in human cognition in which it is not a structure limited to 
representing inflexible action, nor is its function limited to "forgetting" an old rule 
in favor of a new one. Rather, my work shows a general role for this brain region 
in behavioral flexibility. 
The results presented in Chapters 2 and 3 indicate that the ability of the 
caudate to switch behavioral responses to stimuli may be supported by the 
prefrontal cortex. While the hippocampus does not project to the caudate directly, 
it does project to the orbitofrontal cortex, which in turn projects to the medial 
caudate (Barbas & Blatt, 1995; Cavada et al., 2000; Roberts et al., 2007). Such 
connections provide a framework for the prefrontal cortex to guide selection of 
action based on mnemonic information. The orbitofrontal cortex also receives 
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extensive sensory input, and is tightly connected to reward-processing areas 
(Barbas, 2000; Cavada et al., 2000; Roberts et al., 2007; Thierry et al., 2000) and 
is therefore uniquely positioned to use memory to compute the relative value of 
different stimuli. The findings of my dissertation indicate that, consistent with its 
proposed role in determining the relative value of alternative stimuli and actions 
(Murray & Izquierdo, 2007), the orbitofrontal cortex contributes flexible route 
navigation at retrieval. Importantly, there were no explicit rewards given in the 
experiments examining retrieval of overlapping routes, suggesting that mnemonic 
information and a desire to perform without errors alone may be sufficient for the 
orbitofrontal cortex to value one location in an environment more highly than 
another at a given moment. 
5.3 Future directions 
The results of the experiments described here clearly demonstrate a role for the 
hippocampus in the flexible retrieval of representations of overlapping memories. 
However, in rodents where this hippocampal function was first observed, there is 
evidence indicating that the requirement for the hippocampus to disambiguate 
overlapping representations may diminish with time and practice (Agster et al., 
2002). Specifically, while radiofrequency lesions of the hippocampus impaired 
context-dependent retrieval of sequences of odors in the short term (first 30 
trials), animals were eventually able to perform well at distinguishing between the 
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overlapping associations following prolonged exposure/practice (trials 31-60). It 
is important to note, however, that the same degree of behavioral recovery was 
not observed for ibotenic acid lesions. An important future direction for the 
research detailed in this thesis will be to examine whether there is a temporally-
graded involvement of the hippocampus in distinguishing overlapping memories 
in humans. It is possible that after extensive practice and time, orthogonalized 
representations of stimuli and behaviors may form in the neocortex and striatum, 
such that a cue unique to one sequence could drive retrieval of a distinct memory 
and pattern of behaviors without a need to discriminate from other episodes. If a 
mechanism like this were to support the long-term ability to retrieve overlapping 
representations in humans, the hippocampus may still be needed in situations 
where traversal of the cued route is disrupted (for example, waiting for a car 
accident to be cleared from the road). If, following a distraction, the navigator 
needs to reorient to the path at a point which overlaps with other familiar routes, 
they may still need to explicitly recall the current objective - potentially falling 
back on hippocampal-dependent memory. It will therefore also be of interest to 
study whether encountering distractions in these circumstances would cause 
people to fall back on hippocampal-dependent memory. 
It would also be informative to examine contributions of the entorhinal 
cortex to retrieving overlapping representations in humans. Many models of 
context-dependent memory incorporate the entorhinal cortex. For example, 
Hasselmo and Eichenbaum (2005) suggest that layers II and Ill of the entorhinal 
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cortex could respectively provide temporally-graded firing for recently 
experienced stimuli and non-specific retrieval of subsequent associations for a 
given location (e.g. both the left and right turns from an overlapping maze 
segment). The intersection in the hippocampus of temporal information and 
forward associations could result in selective retrieval of the most recent episode 
associated with that location. Other models emphasize the respective 
contributions of item and spatial information made by lateral and medial 
components of the entorhinal cortex to hippocampal processing (Eichenbaum et 
al., 2007). This raises the possibility that different components of the process of 
navigating overlapping environments (e.g. landmark-based cue information and 
the retrieval of alternative spatial routes) may be separately supported by distinct 
lateral and medial entorhinal subregions in humans. Recently developed high-
resolution fMRI techniques could be used to examine these possibilities. 
Finally, it will be of interest to examine more closely how humans 
represent the expectancy of reward in space. The experiments described in this 
dissertation demonstrate that humans use the hippocampus to determine which 
of two alternative directions will be considered correct in a given circumstance. 
However, it is not known whether regions which represent and process reward 
code spatial locations differently based on contextual information in humans. 
There is evidence in rodents that the ventral striatum represents locations where 
rewards occur in environments (van der Meer et al., 201 0), presumably through 
direct input from hippocampal representations of space (Thierry et al., 2000). 
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Given that the hippocampus supports the context-dependent retrieval of spatial 
information, the ventral striatum may represent location-reward associations 
differently based on the current context. If spatial reward locations are 
represented by the human ventral striatum, and such reward representations are 
expressed in a context-dependent manner by virtue of hippocampal interactions, 
the ventral striatum may be a critical component underlying reward-seeking 
navigational decisions in humans. 
5.4 Conclusion 
Speaking more broadly, the results of these experiments help us understand the 
relationship between episodic memory and goal-directed behavior in humans. 
The experiments presented here provide novel evidence that humans recruit the 
hippocampus to distinguish between long-term memories which share common 
features, as is true for many of the experiences from our daily Jives. Furthermore, 
the findings described here expand our understanding of the brain's ability to 
distinguish between overlapping memories, indicating that when making a 
behavioral choice is dependent on such mnemonic discriminations, a network of 
regions including the orbitofrontal cortex and caudate nucleus is recruited. This 
thesis demonstrates that the contributions of the orbitofrontal cortex and medial 
caudate are not limited to reversal-/earning situations, but have a sustained role 
in memory-guided behavioral flexibility. Together, the data described here 
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suggest that flexible navigation of our world is fundamentally a "whole-brain" 
process, supported by the concerted effort of regions underlying declarative 
memory, reward evaluation, and behavioral selection. 
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